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PREFACE 


At its meeting in November 1937, the Division of Chemistry and 
Chemical Technology of the National Research Council, recognizing 
the importance of chemistry to coal technology, voted to organize a 
Committee on Chemical Utilization of Coal. Subsequently, the fol- 
lowing Committee was appointed and given the responsibility of de- 
termining what it might accomplish. * 

Chairman: 

H. H. Lowry, Director, Coal Research Laboratory, Carnegie Insti- 
tute of Technology, Pittsburgh, Pa. 

Members: 

Fred Denig, Vice-President, Koppers Company, Pittsburgh, Pa. 

W. S. Landis,* Vice-President, American Cyanamid Company, New 
York, N. Y. 

A. R. Powell, Chief Chemical Engineer, Koppers Company, Pitts- 
burgh, Pa. 

F. H. Reed, Chief Chemist, Illinois Geological Survey, Urbana, 111. 

R. P. Russell, Vice-President, Standard Oil Development Company, 
New York, N. Y. 

H. H. Storch, Principal Physical Chemist, U. S. Bureau of Mines, 
Pittsburgh, Pa. 

C. E. Williams, Director, Battelle Memorial Institute, Columbus, O. 

Discussion among the Committee members and with other indi- 
viduals active in scientific and technical aspects of coal utilization 
led to the decision that the greatest service would be the preparation 
of a comprehensive, but critical, review of the vast literature that has 
accumulated on the chemistry of coal utilization. No such review 
existed in any language. Several books and monographs on special 
topics were available, most of which, however, treated the work done 
only in a certain country or by a certain “school” with infrequent 
reference to other work. 

Coal has world-wide distribution, and upon its use depend the 
industrial welfare and comfort of the greater part of the world’s 
population. As a logical consequence, studies of coal and its utiliza- 
tion have been made throughout the world. Nevertheless, the nature 
of coal is incompletely understood, and most of coal technology re- 

* Deceased. 
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mains as much an art as a science. A review of the studies already 
made should serve to put the available data in perspective from which 
further advances in coal technology should follow. 

In all its uses coal undergoes a series of chemical reactions, and, 
since these are predominantly heterogeneous reactions, the physical as 
well as the chemical properties of coal are of great importance. Con- 
sequently, it seemed essential to include in the review, as relevant 
subjects, the origin and classification of coals, and the physical prop- 
erties of coal, together with the chemical nature of coal, and the 
chemistry of coal carbonization, combustion, gasification, and hydro- 
genation. 

The Committee, having decided on an objective, gave much con- 
sideration to its most effective realization. It was clearly recognized 
that the literature on the chemistry of coal utilization was too ex- 
tensive for any one person to cover satisfactorily. Accordingly, an 
outline, presenting 38 separate topics, together with the names of 
persons qualified to prepare reviews of the topics, was circulated 
in September 1938 to the members of the Committee for suggestion, 
modification, and amplification. Full cooperation of each member of 
the Committee was received, an unusual manifestation of acceptance 
of the responsibility of committee membership that was deeply ap- 
preciated by the Chairman. The replies were collected and a new 
outline prepared listing all suggested collaborators. The new outline 
was discussed at a meeting of the Committee in April 1939, and a 
decision was reached, in the main, on the subjects to form individual 
chapters in the final review and on the persons to be invited to par- 
ticipate in the work. 

An outline of the proposed review was next sent to each of the 
prospective authors of the individual chapters, and their collaboration 
was requested. In these negotiations it was pointed out that the 
review was to cover the literature through 1939 and to be in the 
hands of the Chairman by July 1, 1940. Suggestions were also 
solicited for making the review as complete as possible, and several 
additional chapters were added as a result. The response was ex- 
tremely gratifying, all requests but one being accepted. However, 
with the outbreak of war in Europe in 1939 and the consequent in- 
creased demands on already busy people, delays in receipt of manu- 
script were encountered, and the final manuscript was not received 
until July 1943. Also, certain individuals were unable to fulfill their 
original commitments, and it became necessary to secure alternates 
or to add co-authors to complete the manuscripts. 

From 1939 to 1942, the following individuals were appointed to the 
Committee on Chemical Utilization of Coal, in addition to the original 
membership: 
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E. P. Barrett, Mellon Institute, Pittsburgh, Pa. 

C. C. Boley, Illinois Geological Survey, Urbana, 111. 

R. E. Brewer, U. S. Bureau of Mines, Pittsburgh, Pa. 

Gilbert Cady, Illinois Geological Survey, Urbana, 111. 

J. D. Davis, U. S. Bureau of Mines, Pittsburgh, Pa. 

A. C. Fieldner, U. S. Bureau of Mines, Washington, D. C. 

C. H. Fisher, U. S. Bureau of Agricultural Chemistry and Engineering,* 
Philadelphia, Pa. 

A. W. Gauger, Pennsylvania State College, State College, Pa. 

W. L. Glowacld, Mellon Institute, Pittsburgh, Pa. 

H. A. Gollmar, Koppers Company, Pittsburgh, Pa. 

T. A. Hendricks, U. S. Geological Survey, Washington, D. C. 

W. H. Hill, Mellon Institute, Pittsburgh, Pa. 

L. L. Hirst, U. S. Bureau of Mines, Pittsburgh, Pa. 

H. C. Hottel, Massachusetts Institute of Technology, Cambridge, 
Mass. 

H. C. Howard, Coal Research Laboratory, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. 

M. W. Kiebler, Coal Research Laboratory, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. 

W. R. Kirner, Coal Research Laboratory, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. (National Defense Research Committee, 
Washington, D. C.*) 

M. A. Mayers, Coal Research Laboratory, Carnegie Institute. of Tech- 
nology, Pittsburgh, Pa. (Elliott Company, Jeannette, Pa.*) 

L. C. McCabe, Illinois Geological Survey, Urbana, 111. (U. S. Army, 

Washington, D. C.*) 

W. F. McCutcheon, Mellon Institute, Pittsburgh, Pa. 

J. J. Morgan, Columbia University, New York, N. Y. 

A. A. Orning, Coal Research Laboratory, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. 

E. O. Rhodes, Koppers Company, Pittsburgh, Pa. 

H. J. Rose, Mellon Institute, Pittsburgh, Pa. (Bituminous Coal Re- 
search, Inc., Pittsburgh, Pa.*) 

R. W. Ryan, Consolidated Edison Company, New York, N. Y. 

L. D. Schmidt, U. S. Bureau of Mines, Pittsburgh, Pa. 

W. A. Selvig, U. S. Bureau of Mines, Pittsburgh, Pa. 

Louis Shnidman, Rochester Gas and Electric Corporation, Rochester, 

N. Y. 

Gilbert Thiessen, Koppers Company, Pittsburgh, Pa. 

B. J. C. van der Hoeven, Koppers Company, Pittsburgh, Pa. 

J. F. Weiler, Coal Research Laboratory, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. (Mathieson Alkali Works, Inc., Buffalo, 
N. Y .*) 

P. J. Wilson, Jr., Mellon Institute, Pittsburgh, Pa. 

H. F. Yancey, U. S. Bureau of Mines, Seattle, Washington. 

* Present address. 
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In addition to the above membership, M. R. Geer of the U. S. 
Bureau of Mines, Seattle, Washington, F. H. Gibson, U. S. Bureau 
of Mines, Pittsburgh, Pa., J. H. Wells, Mellon Institute, Pittsburgh, 
Pa., and John O’Broehta and Susan E. Woodridge of the Koppers 
Company, Pittsburgh, Pa., collaborated with the Committee as co- 
authors of Yancey, Selvig, Wilson, and Rhodes, respectively. 

Dr. H. H. Storch was appointed Vice-Chairman of the Committee 
in December 1940. The Committee membership was decreased late 
in 1942 to H. H. Lowry, Chairman, H. H. Storch, Vice-Chairman, and 
A. R. Powell. 

Late in 1939, on vote of the membership of the Committee, an 
Editorial Committee was formed: Fieldner, Lowry (Chairman), Rose, 
Storch, and Thiessen. This committee met early in 1940 to consider 
the authors’ estimates of the length of their respective chapters, and 
several revisions in these estimates were suggested. It was decided to 
submit the manuscript of each chapter as received to two reviewers 
for criticisms and to return the manuscript to the author with the 
criticisms. The final responsibility of accepting or rejecting any pro- 
posed alteration on the basis of the reviewer’s criticism was to be that 
of the author. This procedure, though most helpful, was discontinued 
in 1942 in order not to delay unduly the completion of the manuscript. 
The Editorial Committee decided also that, in literature citations, the 
author’s name should be followed by his initials, that inclusive pages 
should be given, that the abbreviations should be those used by Chem- 
ical Abstracts as given in the “List of Periodicals” of November 20, 
1936, and in the “Supplement to the List of Periodicals Abstracted” 
of December 20, 1942, and that references to the patent literature 
should include the inventor’s name and initials, the patent number, 
and the year of issue. These procedures have been followed as far 
as possible and have eliminated, in a large measure, copying references 
from secondary sources where they are generally incomplete and fre- 
quently incorrect. 

The reviewers of the individual chapters were selected by the 
Editorial Committee, and grateful acknowledgment of the Committee 
on Chemical Utilization of Coal is hereby made not only to those of 
its membership who participated in the review of the manuscripts, 
but also to the following: 

F. M. Becker, U. S. Steel Corporation, Pittsburgh, Pa. 

W. T. Brown, Jones & Laughlin Steel Corporation, Pittsburgh, Pa. 

H. L. Brunjes, Fuel Engineering Company, New York, N. Y. 

A. N. Cole, Carnegie-Illinois Steel Corporation, Gary, Ind. 

Gustav Egloff. Universal Oil Products Company, Chicago, 111 
Abner Eisner, TJ. S. Bureau of Mines, Pittsburgh, Pa. 

P. H. Emmett, Johns Hopkins University, Baltimore, Md. 

W. M. Fuchs, Pennsylvania State College, State College, Pa. 
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R. M. Hardgrove, Babcock & Wilcox Company, New York, N. Y. 

H. F. Hebley, Pittsburgh Coal Company, Pittsburgh, Pa. 

W. W. Hodge, West Virginia University, Morgantown, W. Va. 

I. H. Jones, Koppers Company, Pittsburgh, Pa. 

F. W. Jung, Koppers Company, Kearny, N. J. 

C. D. King, U. S. Steel Corporation, Pittsburgh, Pa. 

A. T. Larson, E. I. duPont de Nemours & Company, Wilmington, Del. 
P. V. Martin, Carnegie-Illinois Steel Corporation, Gary, Ind. 

D. R. Mitchell, Pennsylvania State College, State College, Pa. 

Percy Nicholls,* U. S. Bureau of Mines, Pittsburgh, Pa. 

J. H. H. Nicolls, Department of Mines & Resources, Ottawa, Canada. 
J. D. Piper, Detroit Edison Company, Detroit, Mich. 

H. C. Porter,* Philadelphia, Pa. 

O. W.-Rees, Illinois Geological Survey, Urbana, 111. 

W. C. Schroeder, U. S. Bureau of Mines, College Park, Md. 

J. A. Shaw, Mellon Institute, Pittsburgh, Pa. 

R. A. Sherman, Battelle Memorial Institute, Columbus, O. 

G. C. Sprunk, U. S. Bureau of Mines, Pittsburgh, Pa. 

Edgar Stansfield, Research Council of Alberta, Edmonton, Alberta, 
Canada. 

G. B, Taylor, E. I. duPont de Nemours & Company, Wilmington, Del. 
T. E. Warren, Department of Mines and Resources, Ottawa, Canada. 
G. R. Yohe, Illinois Geological Survey, Urbana, 111. 

Throughout the period of organization of the Committee and prepa- 
ration of this report, the interest and help of the Chairmen of the 
Division of Chemistry and Chemical Technology of the National 
Research Council, Dr. Herbert R. Moody and Dr. W. Mansfield Clark, 
and of other officers of the National Research Council have been 
much appreciated. Since the Division could not provide funds either 
for preparation of the manuscript and the illustrations for the printer 
or for the publication of the complete manuscript, negotiations were 
entered into with three commercial publishers, all of whom showed 
great interest in the work. A contract for publication of the Chem- 
istry of Coal Utilization between the National Research Council and 
John Wiley & Sons was signed in 1942. 

One of the objectives of the Committee has been to make available 
as widely as possible the knowledge that has been gained from the 
study of coal and of its utilization. Every effort therefore has been 
made to keep the price of the report as low as is consistent with 
maintaining good workmanship. No royalties are to be paid by the 
publisher either to the National Research Council or to any individual 
contributor, nor are reprints of the individual chapters to be made 
available to the authors. The publisher agreed to meet the cost, 
estimated before the completion of the manuscript, of retyping such 
parts as might prove necessary to provide the printer with clean copy 


* Deceased. 
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and of redrawing the illustrations for the engraver. These actual 
costs exceeded the estimate by $1,000 and this excess was covered 
by a contribution from the Koppers Company of Pittsburgh, Penn- 
sylvania. This contribution has reduced the price of these volumes 
by an amount greater than the actual sum involved, and this generous 
action of the Koppers Company has directly helped the Committee to 
realize the objective stated in the first sentence of this paragraph. 

In a work such as this, with so many collaborators, uniform treat- 
ment of the subjects is not to be expected. Each author, who was 
selected because he was directly engaged in or closely associated 
with work on the subject of his chapter, was asked not only to discuss 
its status as disclosed by the literature, but also to point out where 
additional information would be helpful in advancing knowledge of 
the subject. The original intention, as previously stated, was to 
include consideration of all published material through 1939. The 
manuscripts of many chapters, receipt of which was delayed, included 
references of papers published in 1942 to 1943. In other chapters, 
later references were added editorially to those cited in the original 
manuscript, and, where possible, statistical information was brought 
up to the latest available at the time of galley proof. Many authors 
requested permission, which was gratefully granted, to use unpublished 
data. 

Reading of galley and page proof and checking illustrations were 
done by the Editor, who also prepared the book index, the name index, 
and the subject index. The book index is a list of all books and mono- 
graphs referred to in the text, except bulletins, technical papers, and 
similar serial publications. It was felt that such a list would be of 
value to all organizations maintaining a library relating to coal and 
its utilization. The value of a name index has been questioned, but 
for the many who, like the Editor, associate names with specific in- 
formation, it has been included. A subject index is always a com- 
promise between completeness and expediency; that included herein 
was prepared by the Editor with the assistance of the individual 
authors in most cases. 

Though each author is to be regarded as solely responsible for the 
conclusions drawn in his chapter, the Editor must acknowledge re- 
sponsibility for many changes which were made primarily in an 
attempt at uniformity of style. Incomplete or incorrect references 
were emended by the Editor. Since each author saw only galley proof 
of his chapter and not the edited manuscript, an indeterminate share 
of the responsibility for correctness of statement and citation must be 
acknowledged by the Editor. Care was taken not to change any ex- 
pression of personal opinion by an author even though the opinion was 
distinctly contrary to that held by the Editor. 

Differences in opinion held on the same subjects by different authors 
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are evident in many of the chapters where the same experimental data 
are considered in relation to different topics ; they indicate the need for 
additional facts so that only a unique interpretation is possible. It is 
this frequent consideration of experimental work in a particular field 
by more than one author that renders less important the fact that not 
all of the authors were equally thorough in their reviews of the litera- 
ture on the subjects of their chapters. Cross references are given in 
limited number in the text; further cross referencing is available 
through the subject index. 

The Editor’s opinion is that a work of this kind might, if the demand 
appeared, be reprinted, but that a new edition should be unnecessary. 
Chemistry of Coal Utilization should be kept up to date with supple- 
mentary monographs on the subjects forming individual chapters or 
groups of chapters in the present volumes. Errors of omission and 
commission should be corrected in the supplementary volumes, and 
it would be greatly appreciated by the Editor if the readers of these 
volumes would call his attention to errors. 

To all those who have contributed so generously to this cooperative 
work the Committee on Chemical Utilization of Coal acknowledges 
its gratitude. 

H. H. Lowry 

Editor and Chairman of Committee 
on the Chemical Utilization of Coal , 
Division of Chemistry and Chemi- 
cal Technology , National Research 
C ouncil 

Coal Research Laboratory 
Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 
January, X9£5 
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CHAPTER 1 


THE ORIGIN OF COAL * 

Thomas A. Hendricks 

Geologist, Geological Survey, Utiited States Department of the Interior 


The origin of coal might be explained 
adequately for some purposes by the sim- 
ple statement that coal is formed from ac- 
cumulations of plant materials that were 
preserved from complete decay and later 
altered by various chemical and physical 
agencies. For the coal chemist, technolo- 
gist, or geologist, however, a treatise con- 
taining a summation of all known data 
bearing on the origin of coal would still 
leave much to be desired. Coal is a rock 
composed of different kinds of organic 
matter which vary in their proportions in 
different coals, and no two coals are abso- 
lutely identical in nature, composition, or 
origin. 

The aim of this discussion is to present 
a summary of such knowledge of the origin 
of coal as is available in the literature. 
The literature is extensive, and it would 
be virtually impossible to discuss all pub- 
lications on the subject. In addition to 
the articles ‘ primarily concerned with the 
origin of coal, many others present data 
that bear directly on related phases of the 
subject. It is probable that some articles 
that contain important contributions to 
our knowledge of coal have been over- 
looked by the author, but it is hoped that 
they will be considered by the authors of 
other sections of this volume more directly 

* Published by permission of the Director, 
Geological Survey, United States Department of 
the Interior. 


related to the special fields to which those 
articles belong. The reader should remem- 
ber that any summary, such as this, pre- 
pared from the literature, is likely to be 
influenced strongly by the background and 
experience of the compiler, which in this 
case is that of a geologist. With this in 
mind, attention is called to the papers on 
coal written by several authors 1 who have 

x Stevenson, J. J., Proc. Am. Phil. Soc., 50, 
1-116, 519-643 (1911), 51, 423-53 (1912), 52, 
31-162 (1913). White, D., and Thiessen, R., 
U. S. Bur. Mines, Bull. 38 (1913), 390 pp. 
Stutzer, 0., Eohle: allgemeine Kohlengeologie, 
Gebriider Borntraeger, Berlin, 1914, 2nd ed., 
1923, 510 pp. ; also published as a translation 
and revision by A. C. Noe, Geology of Coal, Univ. 
Chicago Press, 1940, 461 pp. Stopes, M. C., and 
Wheeler, R. V., “Constitution of Coal,” Dept. 
Sci. Ind. Research (Brit.) Monograph, London, 
191S, 58 pp. White, D., “The Carbonaceous Sed- 
iments” in Treatise on Sedimentation, Williams 
and Wilkins Co., Baltimore, 1926, pp. 266-316. 
Fuchs, W., Die Ghemie der Kohle, Julius Spring- 
er, Berlin, 1931, 510 pp. Hickling, H. G. A., 
Proc. S. Wales Inst. Engrs., 46, 911-51 (1931) ; 
Fuel, 10, 212-32 (1931). Duparque, A., “Struc- 
ture microscopique des cliarbons du Basin Houil- 
ler du Nord et du Pas-de-Calais,” M 6m. soc. giol. 
Fiord., 11, No. 1 text, 547 pp., No. 2, plates, 1933. 
Stach, E., Lehrhuch der KoJilen Petrographic, 
Gebriider Borntraeger, Berlin, 1935, 293 pp. 
Bone, W. A., and Himus, G. W., Coal: Its Con- 
stitution and Uses, Longmans, Green and Co., 
London, New York, Toronto, 1936, 631 pp. 
Thiessen, R., Proc. Fuel Engrs. Conf. Appa- 
lachian Coals, Inc., 4, 211-79 (1936-7) ; 5, 

112-75 (1937-8). Gothan, W., Kohle, Ferdi- 
nand Enke, Stuttgart, 1937, 432 pp. Moore, 
E. S., Coal, John Wiley & Sons, New York, 2nd 
ed., 1940, 473 pp. 
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drawn heavily on the literature and pre- 
sent the subject from many points of view. 

For the purposes of this discussion the 
definition of coal proposed by Stopes and 
Wheeler 1 and modified in accordance with 
a suggestion by Fox 2 is used. The defini- 
tion is as follows: Coal is a compact strati- 
fied mass of metamorphosed plants which 
have in part suffered arrested decay to 
varying degrees of completeness. This defi- 
nition excludes the various oil shales, can- 
neloid shales, and carbonaceous shales, all 
of which are deposits in which inorganic 
material is dominant, and also excludes iso- 
lated coalified material such as stems, pin- 
nules, and fronds. The definition does in- 
clude the following: brown coal, lignite, 
subbituminous, bituminous, and anthracitic 
coal; and boghead, cannel, pseudocannel, 
and splint coal. There is some doubt 
whether or not this definition includes 
peat. It would seem that peat is excluded 
as not metamorphosed. However, peat is 
considered the parent material from which 
humic coals are formed and will be treated 
as such. 

Early Theories of Origin of Coal 

Peat Swamp or Autochthonous Theory. 
Thiessen, 1 Moore, 1 and others have pointed 
out that as early as the latter part of the 
eighteenth century von Beroldingen 3 and 
Deluc 3 believed that coal was formed 
from plant debris that had accumulated 
in a peat swamp, had been covered by 
later sediments, and' had undergone later 
changes that produced a sequence of coals 

2 Fox, O. S., Fuel , 9, 548-59 (1930). 

3 Von Beroldingen, F., Beobaclitungen , Zweifel, 
und Fragen, die Mineralogie uberJiaupt , und ins- 
besondere ein naturliches Mineral-System bet-ref - 
fetid, Hannover, 1st ed., 1778, 203 pp., 2nd ed., 
1792, vol. 1. Delue, J/A., Lettres , physique et 
morales sur les montagnes et sur Vhistoire de 
la terre et de Vhomme , vol. 5, 1779, pp. 213-25 • 
J. physique, 38, 174 (1798). 


beginning with peat and terminating with 
anthracite. 

These ideas have been confirmed for 
most normal banded coals by the studies 
of later workers and may thus be said to 
constitute the first step in the develop- 
ment of our knowledge of coal. Among 
the more vigorous arguments in favor of 
autochthonous or in situ origin of coal- 
forming materials are those of Rogers, 4 
Potonie, 4 and White. 1 A summary of their 
arguments is as follows: (1) The generally 
low content of mineral matter in coal pre- 
cludes large-scale transportation of the 
plant material, as such transportation 
would have been accompanied by trans- 
portation of equally great amounts of 
mineral matter; (2) the presence beneath 
most normal banded coals of underclays, 
which are believed to be ancient soils, indi- 
cates growth of the plants in situ; (3) the 
wide lateral extent of many coal beds 
could have developed only in areas of es- 
sentially coextensive plant growth; (4) the 
arrangement and condition of the plant 
particles are not those of transported ma- 
terial; (5) the presence of rooted tree 
trunks and roots both in underclays and 
coals indicates plant growth in^situ; (6) 
large modern peat deposits have/formed in 
situ, cover comparatively large/ areas, and 
if converted to coal would form deposits 
comparable in size, shape, and purity to 
many coals; and (7) the deposition of the 
large quantities of plant debris in open 
water would leave the deposits subject to 
destructive bacterial decay. 

Rogers 4 in particular emphasized the 
widespread association of underclays with 
coals and interpreted them as ancient soils 
on which the dense vegetation of broad 

4 Rogers, H. D., Repts. Am. Assoc. Geologists 
and Naturalists , 71, 434-67 (1843) ; Am. J. Bel, 
43, 178-9 (1842). PotoniS, H., Die Nntstehung 
der Steinhohle und der KaustoMolithe , Gelmider 
Borntraeger, Berlin, 5tli ed., 1910, 225 pp. 
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coastal swamps grew. He cited Mam- 
matt 5 as first having called attention to 
the fact that an underclay generally ac- 
companies a b^d of coal. Mammatt be- 
lieved that the clay particles and plant 
debris were mixed together in water and 
were separated into coal and its under- 
lying clay by differences in settling veloci- 
ties of the two materials. Rogers by em- 
phasizing the soil nature of the underclays 
made perhaps the greatest stride toward 
establishing the idea that most common 
banded coals were formed at or near the 
place of plant growth. The soil nature of 
underclays has been accepted by most 
later workers, but Grim 6 showed that un- 
derclays differ in profile from normal soils. 
Gresley 1 likewise opposed the idea that 
underclays are soils and cited as support- 
ing evidence the calcareous nature and ab- 
sence of stigmariae at many places in the 
underclay of the Pittsburgh coal as well as 
the absence of stigmariae in very extensive 
shale partings in the coal. 

Various Allochthonous or Transporta- 
tion Theories. Throughout most of the 
nineteenth century many geologists, bota- 
nists, and chemists contended that the par- 
ent material of coal was not formed by 
degradation of plant material in place in 
peat swamps but rather resulted from the 
deposition of transported plant material in 
lakes, seas, and estuaries. One of the early 
theories was that of Hutton, 8 who be- 
lieved that particles of soot from smoke, 
soluble organic matter carried by streams, 

5 Mammatt, E., Goal Field of Ashby de la 
Zouche, W. Hextall and G. Lawford, London, 
1834, pp. 71-4. 

6 Grim, R. E., Bull. Am. Ceramic Soc 14, 
113-19, 129-34, 170-6 (1935). 

7 Gresley, W. S., Am. Geologist , 14, 356-65 
(1894). 

8 Hutton, J., Theory of the Barth icith Proofs 
and Illustrations, Codell, Jr., & Davies, London, 
and W. Creech, Edinburgh, 1795, vol. 1, pp. 
565-86. 


and remains of plants and animals both 
native to the sea and transported from 
land were deposited in the sea, buried by 
inorganic debris, and later converted to 
coal. 

The ideas of von Beroldingen 3 and De- 
luc 3 were attacked vigorously by Voight, 9 
■who believed that coal was formed from 
the hardier reeds and through a process of 
solution of the vegetable debris in an oily 
substance later to be converted to coal. 
The peats and brown coals, however, did 
not pass through this process, according 
to Voight, and consequently do not consti- 
tute part of a series with coal. coals 
of bituminous and higher rank /were be- 
lieved to be confined to Paleozoic strata, 
and peats and lignites to younger strata. 
These ideas influenced later thought to a 
considerable degree and did much to dis- 
credit the peat-swamp theory of the origin 
of the parent material of coal as well as 
the idea that coals form a definite series 
from peat to anthracite. As late as 1922, 
Donath and Lissner, 10 for reasons unre- 
lated to those of Voight, reiterated the 
opinion that peat and lignite are formed 
from plant materials that differ from 
those that form bituminous and anthracite 
coals. Their conclusions were based on 
differences in the nature of extracts from 
coals, lignites, and peats obtained with 
various reagents. 

Von Leonhard 11 in 1835 argued strongly 
in favor of marine deposition of the par- 
ent material of coal. Fifty years later, 

9 Voiglit, J. K. W., Versuch einer Geschichte 
der S teinkohlen, der BraunJcohlen , und des 
Torfes, Hoffmannisehe Hof-buchhandlung, Wei- 
mar, 1802, vol. 1, 307 pp. 

10 Donath, E., and Lissner, A., Brennstoff- 
Chem., 3, 231-7 (1922). 

n Von Leonhard, K. C., LeJirbuch der Geog- 
nosie und Geologie, Schweizerbart, Stuttgart, 
1835, 869 pp. 
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Favol 12 proposed a theory of the forma- they contain exceptionally abundant mm- 
tion of some of the coal beds of the Com- eral matter or they/are of limited extent, 
mentry basin by the segregation of plant Early Studies Plant Structures m 
debris as the lighter fractions of sediments Coal. Prominent advances in the knowl- 
of streams flowing into deltaic areas. Ac- edge of the nature and origin of coal were 
cording to Fayol, the lighter plant frag- made about fifty years after the work of 
ments were floated to the outer basins von Beroldingen and Duluc from data sup- 
around deltas where they were deposited! plied by microscopic studies of coal by 
as organic concentrations that later were Witham, Hutton, Reade, Link, 15 and 


transformed to coal. Other proponents of 
various allochthonous theories were numer- 
ous up to 1900, when Grand ’Eury 13 pro- 
posed a theory of transportation of plant 
debris for short distances, from areas of 
growth on the margins to areas of depo- 
sition in the centers of restricted basins 
of open clear water. Since 1900, however, 
few if any students of coal have believed 
that any extensive coal deposits originated 
from transported debris; nevertheless, the 
theory was discussed by various authors as 
still worthy of consideration, and in 1911 
was discussed exhaustively by Stevenson 1 
before he felt free to accept evidence of 
the formation of coals from peats depos- 
ited in situ. In recent years, Jeffrey 14 
has stood practically alone in favoring an 
allochthonous origin for coals in general. 

There is little doubt that some coals 
have been formed from transported ma- 
terials. Even the stronger proponents of 
an autochthonous origin for the parent 
materials of normal banded coals recognize 
the fact that some coals such as cannels 
and bogheads are not the product of peat- 
swamp deposits. It is also certain that 
some banded coals have also been formed 
from transported materials. Such coals 
are generally somewhat unusual in that 

12 Fayol, H., Bull. soc. g£ol. France , [3] 16, 
968-78 (1887). 

13 Grand ’Eury, F. C., Compt. rend. VIII me 
congres geol. intern Paris, 1901, pp. 521-38. 

14 Jeffrey, E. C., J. Geol., 23, 218-30 (1915) ; 
Mem. Am. Acad. Arts Sci., 15, No. 1 (1924), 52 
PP. 


others, culminating for that time in the 
very comprehensive work of Goeppert. 10 
The principal value of that work was to 
yield many data on the kind of plants and 
types of plant structures preserved in coal. 

Dawson, 17 writing in 1S71, attributed to 
Morris in 1840 and Fleming even earlier 
the correct recognition of spores in coal. 
Dawson found spores in many coals and 
canneloid shales and correctly interpreted 
the open-water conditions of deposition 
that gave rise to the concentration of 
spores in cannel coals. 

Von Giimbel 18 in 1883 prepared a 
treatise on the microscopic investigation of 
coal that may be said to represent the end 
of the early period of the study of coal. 
Von Giimbel summarized the available 
data and made logical generalizations. He 
showed that coals were formed in swamps 
from the debris of native land plants, the 
interstices of which were filled by a sub- 
stance called “carbohumin” which was first 
introduced as a solution and later was 

is Witham, T. M., On the Internal Structure 
of Fossil Vegetables Found in the Carboniferous 
and Oolitic Deposits of Great Britain , mack, 
Edinburgh, 1833, 84 pp. Hutton, W., London, 
Edinburgh, Dublin Phil. Mag., 2, 302-4 (1833) ; 
Proc. Geol. Soc. London, 1, 415-7 (1834). 

Reade, J. B., Phil. Mag., 11, 13-7, 413-7 (1837). 
Link, F., Abhandl. hgl. Preuss. A had. Wiss. Ber- 
lin, 1838, pp. 33-44. 

16 Goeppert, H. R., Haarlem Naturhund. Ver- 
handl., [2] 4, 1-298 (1848). 

17 Dawson, J. W., Am. J. Sci., [3] 1, 25C-63 
(1871). 

18 Von Giimbel, C. W., Sitsiber. math, physlk. 
Klasse ATcad. Wiss. Munchen,XZ, 111-216 (1883). 
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fixed as a precipitate, so that the ground 
mass appears amorophous. The humin- 
like substances were believed to have been 
derived from the plant debris by slow de- 
composition without either great heat or 
pressure. Von Giimbel realized that coals 
were formed from various plant substances 
and under varying conditions both at the 
time of deposition and during the process 
of transformation from peat. Those vari- 
ations in original materials, in their stage 
of decay and the external conditions of 
deposition, and in their geologic history 
after deposition as peat controlled the for- 
mation of different varieties of coals. 
Thus, von Giimbel outlined the theory of 
the formation of coals that is generally 
recognized today. 

Types of Coal and Their Origin 

Normal Banded Coal. Most of the coals 
of the world may be described as normal 
banded coals. They are the coals made 
up of fine laminae and thicker bands of 
different types of coaly material. In gen- 
eral they consist of bands, laminae, and 
stringers of bright coal alternating with 
dull coal and fusain (mineral charcoal). 

The prominent megascopic constituents 
of normal banded coal were considered as 
separate entities by Dawson 19 as early as 
1859. He stated the belief that bright 
coal, dull coal, and fusain were formed 
from segregations of particular plant parts 
or related plant parts. The method of 
segregation of bark, which he believed 
formed bright coal, from wood, which 
yielded fusain, and from fine plant debris 
that formed dull . coal was not explained. 
Dawson did give a good ■ description of the 
desiccation method of formation of min- 
eral charcoal. 

10 Dawson, J. W., Quart. J. Geol . Soc. London , 
15, 626-41 (1859). 


In 1881 Muck 20 published a study of 
coals in which he gave formal rank to the 
following terms that had long been in use 
as descriptive terms: Glanzkohle for 
bright coal, Mattkohle for dull coal, and 
Faserkohle for fusain or mineral charcoal. 
Although Muck apparently did little work 
on the various coal ingredients described, 
he did recognize the fact that they should 
be dealt with as distinctly different coal 
components. 

A few years later a marked advance in 
the technique of coal research was made 
by Fayol 21 in his study of the coals of 
Commentry. Fayol divided common 
banded coal into four ingredient parts 
which he studied separately. These were: 
bright bands or laminae (lames claires, 
miroitantes brilli antes) similar to individ- 
ual coalified trees, stems, branches, and 
trunks found in shales of the region; foli- 
ated coal (houilie foliaire), constituted 
mainly of leaves and pollen grains and 
also containing fragments of debris Gf 
petioles, bark, etc.; granular coal (houilie 
grenue) consisting of fine grains of plant 
debris unrecognizable to the naked eye; 
and fusain (zones mates, fusain) consist- 
ing of two varieties, one of which was 
silky and approached anthracite in com- 
position, whereas the other was laminated 
and somewhat resembled bright coal. The 
bright coals contained plant structures vis- 
ible under the microscope or even to the 
naked eye, were very low in ash (com- 
monly less than 1 percent), and had the 
highest agglutinating value. The granular 
coal consisted of variable amounts of frag- 
mentary leaf, petiole, bark, and pollen ma- 
terial, was homogeneous and resembled 

20 Muck, F., Grundziige und Zeile der Stein- 
koTilenchemie, Strauss, Bonn, 1881, 170 pp. ; Die 
Chemie der Steinhohle, Wm. Engelmann, Leipzig, 
1891, 284 pp. 

21 Fayol, H., Bull. soo. ind. mindrale, [2] 15, 
(1886), 543 pp. 
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caxmel, and belonged to the hard zones 
(zones ternes) of the coal. In some lo- 
calities the granular coals graded into can- 
nels or bogheads. 

Fayol’s approach to the detailed study 
of normal banded coal apparently made 
little impression on his contemporaries, 
and it remained for publication of inde- 
pendent studies of a similar nature by 
Stopes 22 and Thiessen 23 » 24 in 1919 and 
1920 to stimulate active research on coal 
ingredients. Each author introduced new 
names for bright and dull coals, but failed 
to define them clearly. The descriptions 
as given by the two authors differed some- 
what, and there is an element of doubt as 
to what criteria defined each of their in- 
gredients of coal. 

The present status of nomenclature with 
the approximate correlation, though not ab- 
solute synonymy, between terms is shown 
in Table I. The important contribution 


each type. The differences are so great 
that they necessitate the postulation of 
major differences in conditions in the early 
stages of the formation of the various 
parts of individual coal beds and of differ- 
ent beds. 

Stopes’s definitions were intended to ap- 
ply to ingredients of coal visible to the 
naked eye and to be more or less inde- 
pendent of microscopic structure, although 
the microstructure of each ingredient was 
treated fully and was well illustrated by 
numerous photomicrographs. Thiessen’s 
definitions, on the other hand, are based 
entirely on microscopic characteristics. 
Thus, according' to their original defini- 
tions both sets of terms may be used help- 
fully in descriptions of a single coal. 

Unfortunately, the terms used by Stopes 
have been confused by additional descrip- 
tions by. both Stopes and later authors 
who have added microscopic characteris- 


TABLE I 

Nomenclature of Coal Ingredients 


Muck, 1881 

Stopes, 1919 

Thiessen, 1920 

Fayo.1, 1886 

General Meaning 

Glanzkohle 

Vitrain 

Anthraxylon 

Lames claires (miroitantes) 

Glassy bright coal 


Clarain 


Houille foliaire * 

Striated bright coal 

Mattkohle 

Durain 

Opaque 

attritus 

Houille grenue * 

Dull coal 

Faserkohle 

Fusain 

Fusain 

Fusain 

Mineral charcoal 


* Both belong to the “zones of bard coal” (bouille ternes). 


of the work of Stopes and Thiessen was 
to focus attention on characteristic differ- 
ences between the coal in bright bands and 
dull bands, and even within the bands of 

22 Stopes, M. C., Proc. Roy. Soc. (London), 
90B, 470-87 (1919). 

23 Thiessen, R., J. Geol., J 

24 Thiessen, R., U. 8. Ru 
(1920), 296 pp. 


tics to the original descriptions. German 
workers have converted Stopes’s terms to 
Vitrit, Clarit, Durit, and Fusit. Some, 
such as Winter, 25 have considered vitrain 
a material like dopplerite formed from the 
coagulation of a colloidal gel and devoid 
of plant structure. Others, like Robert 

25 Winter, EL, GliicJcaufj 64, 653-8 (1928). 



CONDITION OF DEPOSITION OF THE PARENT MATERIALS 


Potonie , 26 have suggested that terms such 
as “lignitoid Vitrit” for vitrain derived 
from wood, “suberitoid Vitrit” for vitrain 
derived from cork, and “Euvitrit” for 
vitrain without plant structure should be 
used. Duparque 27 described polished-sur- 
face preparations showing what he inter- 
preted as all gradations from woody 
vitrain to “structureless” vitrain. For 
vitrain showing definite woody structure, 
he proposed the term “xylain,” and for 
“structureless” vitrain, the term “xylovi- 
train.” For vitrain in which all cavities 
are open but the cell-wall material has not 
developed the opacity characteristic of 
fusain, Stutzer 28 proposed the term “halb- 
fusit,” and for similar material Hickling 
and Marshall 29 proposed the name “vitri- 
fusain” This passion for nomenclature 
has resulted in a heterogeneous mixture of 
terms that add conditions of formation, 
types of plant materials, and microscopic 
characteristics to the original megascopic 
descriptive terms of Stopes. Despite the 
confusion introduced with the terminology, 
much information concerning the nature of 
the ingredient materials of coals has been 
obtained. 

Thiessen’s 30 terms, anthraxylon and at- 
tritus, are based on megascopic appearance 
but are defined in terms of the nature and 
condition of the ingredient materials. Of 
anthraxylon, Thiessen said: 

It is not difficult to show that the so- 
called bright coals are components that are 
derived from the woody parts of plants — 

26 PotoniS, R., Z. dent. geol. Ges., 78, 357-80 
(1926). 

27 Duparque, A., Rev. ind. mindrale, 6, part 1, 
493-514 (1926). 

28 Stutzer, O., Fusitj Ferdinand Enke, Stutt- 
gart, 1929, 139 pp. 

29 Hickling, H. G. A., and Marshall, C. E., 
Trans. Inst. Mining Engrs. {London), 86, 56-75 
(1933). 

30 Thiessen, R., and Francis, W., U. 8. Bur. 
Mines > Tech. Paper 446, 5, 11 (1929). 


parts that at one time were largely com- 
posed of wood or woody tissues. 

As it is derived from woody tissues 
(pieces of wood ‘turned into coal) and con- 
sists of definite units easily distinguishable 
from the rest of the coal, it will be called 
anthraxylon, from the Greek anthrax , coal, 
and xylon, wood. 

Attritus was defined as follows: 

• • * dull coal consists largely of smaller an- 
thraxylon constituents, together with a few 
other constituents such as cuticles and bark- 
like constituents, embedded in a general 
matrix, the attritus. 

At low magnification the attritus appears 
as a uniformly granular, amorphous mass. 

• • • A close examination at high magnifica- 
tion will at once reveal • • • woody degrada- 
tion products or humic matter, spore-exines, 
resinous matter, euticular matter, more 
highly carbonized matter, certain small bod- 
ies usually designated as rodlets or needles, 
and some mineral matter. 

It is apparent from some later papers 
that Thiessen 31 considered anthraxylon 
anything in coal (other than fusain) that 
shows distinguishable cell structure and oc- 
curs as a coarse constituent, and that he 
did not confine anthraxylon to coarse wood 
only, but included in it bark, pith, and 
even nonwoody hydrophytic plants. 

Condition of Deposition of the Parent 
Materials. The normal banded coals are 
generally believed to have formed from 
peat-sw 7 amp types of deposits. Potonie 4 
divided the coal-forming materials into 
three groups: humic coals, sapropeliths, 
and liptobioliths. He believed that the 
parent material of humic coal was formed 
by the partial decay of land plants and 
swamp plants in a moderately moist habi- 
tat. Such coal is bright coal or Glanz- 
kohle rich in carbohydrates. The sapro- 
peliths were formed in stagnant water from 
the remains of aquatic organisms that 

si Thiessen, R., and Sprunk, G. C., U. 8. Bur. 
Mines , Tech. Paper 573, 3-21 (1937). 
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were primarily planktonic. The most im- 
portant of these were the oil-bearing algae, 
certain crustaceans, and a subordinate ad- 
mixture of pollen grains and other drifted 
materials. Liptobioliths consist primarily 
of resins, waxes, and spores and represent 
the more stable residue of decomposed 
land plants. Potonie explained the band- 
ing of normal coal by postulating alterna- 
tion of moist conditions which yielded 
bright coal with periods of pronounced 
dryness that permitted more complete de- 
struction of humic materials and the for- 
mation of dull bands of liptobiolithic ma- 
terials and occasional periods of flooding 
that produced sapropels. 

White 1 in 1913 discussed comprehen- 
sively the topographic and climatic condi- 
tions favoring the formation of peat 
swamps of the type necessary to have 
formed our known coal. Topographically, 
broad coastal swamps just above the tidal 
range, or broad inland base-level basins, 
were considered necessary. Climatically, 
even, tropical to subtropical, extremely 
humid conditions were believed to have 
prevailed. 

Giles 32 later advanced strong arguments 
against the interpretation of data bearing 
on the tropical to subtropical nature of cli- 
mates during peat formation in Carbonif- 
erous time. 

There can be little doubt that the condi- 
tions of deposition of coal-forming ma- 
terial must have been such as to prevent 
complete decay of the plant material. This 
may have been accomplished by either: 
(1) rapid burial beneath other sediments, 
which probably occurred in the cases of 
many isolated stems, fronds, pinnules, etc., 
that have been coalified; or (2) complete 
saturation of the plant debris or the exist- 
ence of a water cover at the site of depo- 

32 Giles, A. W., Bull. Am. Assoc, Petroleum 
Geol. t 14, 1279-99 (1930). 


sition of the plant material. The function 
of water in retarding decay was twofold: 

(1) it inhibited free access of oxygen to 
the decay-producing micro-organisms; and 

(2) it served as a solvent for certain prod- 
ucts of decay that were toxic to at least 
some of the micro-organisms. 

The water cover obviously would be in- 
effective in arresting decay unless it were 
stagnant, because if either surface or sub- 
surface drainage or any other form of cir- 
culation or influx and withdrawal, as by 
tidal action, occurred, the supply of oxy- 
gen would be replenished by the aerated 
water and the soluble toxic products would 
be in part removed by waters leaving the 
deposits and in part diluted by the influx 
of aerated water. Furthermore, the water 
must have been very shallow (no more 
than a few feet deep) in order to permit 
the growth of an adequate supply of plant 
material which also would have prevented 
aeration of the water through agitation by 
wind. 

Stagnant shallow water exists under a 
number of different conditions, for exam- 
ple: (1) broad coastal swamps of such low 
relief that seaward migration of surface 
and ground water is slight; (2) similar 
broad swamps around inland basins or 
lakes; (3) shallow inland depressions un- 
derlain by impervious material, such as 
depressions in glaciated areas underlain by 
glacial clays; (4) shallow inland depres- 
sions in areas where the slope of the 
ground-water surface is too slight to per- 
mit subsurface drainage. Peats are known 
to have formed under all these conditions 
within comparatively recent time, and it is 
probable that the peats that have become 
our most extensive coal deposits were 
formed under similar conditions. 

It is apparent that both surface and 
subsurface drainage must be retarded in 
order to establish an adequate peat marsh. 
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The surface drainage is clearly a function 
of topography. Subsurface drainage is a 
function of both topography and the per- 
meability of the underlying materials. It 
seems significant in this connection that 
most of the extensive coal beds rest upon 
underclays, and underclays have very low 
permeabilities. 

It is obvious that, under the conditions 
of peat formation outlined above, land 
plants, hydrophytic plants, and purely 
aquatic plants like the algae may all have 
contributed to the organic debris. Practi- 
cally all types of plants and all parts of 
plants have been recognized in coal by 
various workers. It is equally evident 
that the conditions of peat formation 
varied within 'certain limits. Variations in 
those conditions must have produced some 
variation in the nature of the peat that 
was formed, which in turn must have re- 
sulted in some variation in the nature of 
the coal to which the peat was converted. 
Renault, 33 Potonie, 4 and White 1 showed 
that variations in the amount, toxicity, 
and aeration of the water could account 
for most of the variations in the nature 
of the ingredients of peat and coal. 

Biochemical Stage of Coal Formation. 
White 34 in 1908 postulated two important 
stages in the formation of normal banded 
coals, the biochemical (or peat) stage and 
the dynamochemical (or metamorphic) 
stage. White’s concept of the biochemical 
(or peat) stage in coal formation had much 
in common with ideas of Renault and Poto- 
nie. Renault 33 emphasized the importance 
of bacteria and fungi in the partial destruc- 
tion of plant material to produce a “fun- 
damental jelly” which he believed to be 
the matrix of coals in general. Potonie 35 

33 Renault, B., Bull. soe. ind. mindrale , [3] 
13, 865-1169 (1899). 

34 White, D., Econ. Geol., 3, 292-318 (1908). 

35 Potonie, H., Ahhandl. Tcgl. geol. Landesan- 
stalt , 19, 1-94, especially 48 (1906). 


called attention to the selective destruction 
of carbohydrates and the concentration of 
resins, wmxes, and spores in the process of 
decay under conditions permitting aeration 
of accumulated humic debris. White’s bio- 
chemical stage represents the period of al- 
teration of plant debris to peat. In this 
stage, micro-organisms, particularly bac- 
teria, attack the plant material until the 
absence of an adequate supply of oxygen 
or the development of exterminative tox- 
ins ends the microbian activity. If the 
process reaches an advanced stage, a ma- 
ture black peat or even “amorphous” peat 
is formed. If the stage is less advanced, 
the peat contains more wood and other 
undecomposed matter and is brown. If 
the vegetable refuse falls into more nearly 
aseptic water where the decay is relatively 
little, the peat is lighter brown, fibrous, 
and distinctly xyloid. Alternations in 
these conditions and deposits produce the 
banding in normal banded coal. 

In contrast to these ideas, Stadnikoff 36 
has contended that the segregation of the 
materials that produce the various bands 
in coals is not original but is due to a proc- 
ess of filtration in the peat stage that re- 
sults in the separation of a peat bed into 
layers. 

Thiessen and Strickler 37 learned* from 
studies of four peat swamps in Wisconsin 
that both aerobic and anaerobic bacteria 
■were present to the full depth of the 
swamp, maximum of 9 feet. Actinomyces 
and fungi w^ere present in the upper layers 
but were not found below a depth of 4 
feet. The peats in general were slightly 
acid except in the surface layers and in one 
layer containing shells. 

36 Stadnikoff, G., Kolloid-Z ., 57, 221-5 (1931). 

37 Thiessen, R., and Strickler, H. S., Carnegie 
Inst. Tech. Coop. Bull., Mining Met. Invest., 61 
(1934), 19 pp. 
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Thiessen and Johnson 38 and Waksman 
and Purvis 33 have shown that micro-or- 
ganisms, principally anaerobic bacteria, are 
present at all levels in peat deposits. Tay- 
lor 40 has published a series of articles pre- 
senting a theory of the formation of all 
ranks of coal up to and including anthra- 
cite by bacterial action under varying con- 
ditions. Taylor contended that peat was 
formed in an acid environment in deposits 
not covered by later sediments; lignite, in 
an acid environment under a roof contain- 
ing calcium-bearing clay minerals; and 
higher-rank coals, under alkaline anaerobic 
conditions under a roof containing sodium- 
bearing clay minerals. The formation of 
anthracite or bituminous coal under the 
third set of conditions was controlled by 
the degree of decomposition reached in the 
peat stage. These ideas are so completely 
at variance with so many known facts 
concerning coals that they cannot be fitted 
into the generally held concepts of coal 
formation. 

The order of decomposition of the vari- 
ous plant ingredients in the process of peat 
formation was discussed at length by 
Waksman and Stevens. 41 The general or- 
der of decomposition of groups of com- 
pounds is: (1) protoplasm; (2) chloro- 
phyll; (3) oils; (4) the carbohydrates: 
(a) starches, (6) celluloses, (c) lignins; 
(5) epidermis; (6) seed coats; (7) some 
pigments; (8) cuticles; (9) spore and 
pollen exines; (10) waxes; (11) resins. 
The first three disappear very early in the 
process of decay; the last four are very 

3S Thiessen, R., and Johnson. R. C' Ind. Eng . 
Chem., Anal. Ed. f 1, 216-28 (1929). 

39 Waksman, S. A., and Purvis, E. R., Soil 
Scl, 34, 95-113 (1932). 

40 Taylor, E. M., Fuel , 5, 195-202 (1926), 6, 
359-67 (1927), 7, 66-71, 127-8, 129-30, 130-4, 
227-8, 228-9, 230-8 (1928). 

41 Waksman, S. A., and Stevens, K. R., Soil 
Scl, 26, 113-37, 239-51 (1928). Waksman, S. 
A., Brenwttoff-Chem 13, 241-7 (1932). 


resistant and are present long after the al- 
most complete elimination of the other 
materials. The value of these data was 
recognized by White, 42 who showed the 
significance of this orderly sequence of 
resistance to decay in peats destined to be- 
come banded coals. White showed that 
with this sequence the degree of toxicity 
of peat-swamp waters controlled the com- 
position of the peat. In highly toxic 
waters such as would be found in a com- 
pletely stagnant swamp, little decay would 
have occurred and the more resistant ma- 
terials up to and including the celluloses 
and hemieelluloses would be preserved 
(line A-A, Fig. 1). In less toxic waters, 
the celluloses would be destroyed and a, 
peat would form that contained some liemi- 
celluloses, the lignins, and the hydrogenous 
materials (line R-B, Fig. 1). In better- 
aerated water, the hemieelluloses would 
disappear and leave only lignins and hy- 
drogenous constituents (line C-C, Fig. 1). 
In well-oxygenated water, lignin likewise 
would disappear (line D-D, Fig. 1). Any 
influx of aerated water would accelerate 
bacterial decay by dilution of the toxic 
compounds. Highly toxic waters that in- 
hibit decay would result in the preserva- 
tion of most of the plant materials in large 
pieces in a peat which would later be con- 
verted to the “anthraxylon” of Thiessen 
and the “vitrain” of Stopes. Less toxic 
conditions permitting the destruction of 
most of the celluloses and hemieelluloses 
would result in fragmentation of large 
plant debris and the concentration of lig- 
nins, epidermis, cuticles, spores, waxes, 
and resins, and would yield a mature peat 
destined to become the “clarain” of Stopes. 
In better-aerated waters permitting even 
more decay, the plant fragments would be 
broken down to a micro-debris rich in lig- 

42 White, D., Econ , Geol 28, 556-70 (1933). 
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nins, spores, cuticles, waxes, and resins 
which would be the parent material of 
Thiessen’s “attritus” and the “durain” of 
St opes. In well-oxygenated waters the 
spores, cuticles, resins, and waxes alone 
would accumulate as the peat equivalent 
of canneloid coal, probably pseudocannel. 

The Lignin versus Cellulose Discussion. 
For many years it was assumed by most 
workers that cellulose was the principal 
plant compound that contributed to coal 
formation. However, in 1921, Fischer and 
Schrader 43 published some conclusions 
concerning the chemical constituents of 
plants that constitute the parent materials 
of humic coals. The conclusions were 
based largely on chemical studies of coals, 
cellulose, and lignin. Fischer and Schrader 
concluded that in peat formation cellulose 
is easily decomposed to carbon dioxide and 
water by the action of micro-organisms and 
consequently plays no important part in 
coal formation. Lignin is more resistant to 
bacterial action, is concentrated in the res- 
idue, and is easily converted to humins 
and humic acid, whereas resins and waxes 
are transformed to bitumens. Fuchs 44 
and Marcusson 45 found that the bulk of 
brown coals consists of humic acids and 
humates. Fuchs 1 and Stadnikoff 46 with 
some modification concur with the general 
lignin theory of the origin of humic coals. 

Trussow 47 had shown that cellulose does 
not yield humic acids but that lignin, pro- 
teins, tannins, and fats do. Marcusson 48 
contended that in the change from wood 

43 Fischer, F., and Schrader, H., Brennstoff - 
Chem., 2, 37-45 (1921). 

44 Fuchs, W., Brennstoff-Chem S, 337-40 
(1927) ; also see pp. 169-71 of ref. 1. 

45 Marcusson, J., Z. angew. Chem ., 40, 1104-6 
(1927). 

46 Stadnikoff, G., Die Chemie der Kohlen , Fer- 
dinand Enke, Stuttgart, 1931, 339 pp. 

47 Trussow, A. G., Contributions to the Study 
of Russian Soils , Petrograd, 1917, pp. 26-7. 

48 Marcusson, J., Z. angew. Chem ,, 39, 898- 
900 (1926), 40, 48-50 (1927). 


to peat to brown coal the content of lignin 
remains essentially constant whereas the 
cellulose content decreases by alteration to 
oxycellulose and pectins from which humic 
acids are derived. Waksman and his as- 
sociates 41 > 49 have stated that micro-organ- 
isms, primarily bacteria, convert cellulose 



Fig. 1. Approximate proportions of principal 
peat-forming plant substances plotted according 
to relative resistance to mierobic decomposition, 
and order of disappearance. 43 


into their cell substances which in turn are 
converted to humus after their death. 
They concluded that the humic compounds 
are derived from two fundamental sources: 
(1) the resistant plant substances such as 
lignin, cuticles, resins, and waxes; and (2) 
compounds derived from synthetic cell 
substances formed by micro-organisms 

49 Waksman, S. A., and Skinner, C. E., J. 
Bad., 12, 57-84 (1926). Waksman, S. A., Cel- 
lulosechem 8 , 97-104 (1927). Waksman, S. A., 
Humus , Williams and Wilkins Co., Baltimore, 
1936, 494 pp. 
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from cellulose, pentosans, starch, sugar, 
and proteins. Waksman further concluded 
that humus collects only at relatively low 
temperatures under anaerobic and acid 
conditions, as otherwise the processes of 
decay continue until all the materials are 
destroyed. 

Torres 50 contended that proteins are es- 
sential materials for the formation of bi- 
tumens. This conclusion was based on ex- 
periments with fermented proteins heated 
in an autoclave at 200 to 300° C in which 
a heavy oil was obtained. Terres consid- 
ered such oil the parent material for bi- 
tumen and an essential ingredient of cok- 
ing coals. 

Bergius 51 heated lignin and cellulose to 
approximately 340° C in the presence of 
water and under high pressure and suc- 
ceeded in producing a substance that he 
believed to resemble bituminous coal. He 
concluded from those experiments that 
coal can be formed directly from lignin 
and cellulose by chemical reaction at high 
temperatures over a short time or at low 
temperatures under reasonable pressure 
and over a long period of time. He did 
not consider bacterial action essential to 
this process. 

Berl and his associates 52 have also pro- 
duced coal-like materials at high pressure, 
temperatures of 200 to 350° C, and in the 
presence of alkalies. The general conclu- 
sions drawn from their work were that 
both cellulose and lignin contribute to coal 
formation, cellulose predominating in coals 
with high bitumen content and good cok- 
ing properties and lignin predominating in 
the noncoking coals. 

so Terres, E., Proc. 3rd. Intern. Conf. Bitumi- 
nous Coal , 2, 797-808 (1931). 

51 Bergius, F., N aturwissenschaften, 16, 1-11 
(1928). 

52 Berl, E., and Schmidt, A.,‘ Ann., 493, 97- 
152 (1932). Berl, E., and Keller, H., Ann., 501, 
84-106 (1933). 


Yasui 53 studied the optical properties 
of the cell walls in plants, lignites, and bi- 
tuminous coals and concluded that cellu- 
lose disappears comparatively early in the 
process of coalification, as indicated by the 
progressive decrease of the double refrac- 
tion characteristic of cellulose as the rank 
of the coal increases. 

One must conclude from the data sup- 
plied by these various lines of research 
that all plant materials contribute to the 
formation of coal, as must also the remains 
of micro-organisms that have accomplished 
the partial decay of the original plant ma- 
terials. The nature of the original ma- 
terials, the degree of decay of those ma- 
terials, and the amounts of soluble deriva- 
tives that remain in the peat must control 
the type of the coal formed, but no single 
set of conditions need prevail for the for- 
mation of coal. Although lignin may be 
the principal component of peat and hu- 
mus and consequently the principal par- 
ent material of coal from a chemical point 
of view as believed by Fischer and Schra- 
der, 48 Fuchs, 1 and others, there can be 
little doubt that cellulose, proteins, and 
other compounds contribute at least a part 
of the total coal-forming material. The 
contribution of these compounds may be 
in large measure made indirectly through 
degradation products. 

Colloidal Chemical Stage. In 1908, 
Campbell 54 called attention to an inter- 
esting characteristic of lignite and sub- 
bituminous coals — the tendency to slack 
when dried. This suggested that at least 
some of the water in low-rank eoal is an 
integral part of the coal structure and not 
merely extraneous material. Mack and 

53 Yasui, K., Bot. Mag . Tohyo, 30, 280-9, 289- 
97 (1925) ; Japan J. Oeol 8, Abstract sect. 9 
(1930) ; Chem. Als 25, 3277-8 (1931). 

si Campbell, M. Boon. Geol., 3, 134-42 
(1908). 
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Hulett 55 later suggested that compact peat 
is essentially a hydrosol which through 
slow alteration processes becomes a hydro- 
gel in low-rank coal. Gauger 56 concluded 
from experiments dealing . with the accu- 
racy of water determinations in low-rank 
coals that peat has the properties of a 
hydrosol and lignite those of a hydrogel 
•that has a spongelike structure with ultra- 
microscopic capillaries of varying radii. 
Stach 57 expanded this concept to that of 
a colloid chemical stage in the formation 
of coal. In the peat-forming stage of coal 
formation, plant materials are converted to 
humic acids and combined water. In the 
succeeding colloidal chemical stage (late 
peat-lignite) , humic acid gels are aged in the 
presence of water to form alkali-insoluble 
humic compounds. These compounds con- 
stitute the impregnating materials in the 
more woody parts of the coals. The tend- 
ency of the colloidal material to concentrate 
in capillaries is illustrated by experiments 
bearing on the precipitation of humic col- 
loids in soil, cited by Kubiena . 58 Coatings of 
humic colloids were formed in interangular 
areas of mineral grains and in capillaries. 
Grains were also coated by a process of 
creeping in capillaries of precipitated col- 
loidal material across the surface of the 
grain. Lavine 59 emphasized the colloidal 
characteristics of lignites and subbitumi- 
nous coals by calling attention to the hys- 
teresis in alternate wetting and drying, to 
their behavior in response to an electric 
current, to their absorption properties, 
and to their peptization by treatment with 

55 Mack, E., and Hulett, G. A., Am. J. Sci., 
[4] 43, 89-110 (1917). 

56 Gauger, A. W., Trans. Am. Inst. Mining 
Met. Engrs., 101, 148-61 (1932). 

57 Stach, H., Braunhohlenarch.j 40, 1—51 

(1933). 

58 Kubiena, W. L., Micropedology , Collegiate 
Press, Ames, Iowa, 1938, pp. 132-35. 

59 Lavine, I., Ind . Eng. Chem 26, 154-64 
(1934). 


alkaline solutions, all of which were con- 
sidered definite indications of colloidal na- 
ture. 

Tideswell and Wheeler 60 in a discussion 
of dopplerite in peats concluded that dop- 
plerite is a gel composed of ulmins de- 
rived from plant carbohydrates either di- 
rectly by bacterial action or by chemical 
reactions between carbohydrates and 
amino acids produced by bacterial destruc- 
tion of proteins. It was also suggested 
that dopplerite is the material that has im- 
pregnated vitrain and with later alteration 
has produced the bright luster and con- 
choidal fracture of vitrain. It is further 
possible that altered dopplerite may con- 
stitute the parent material of “structure- 
less” vitrain. 

It seems probable that this stage of de- 
velopment of colloids in the late peat stage 
followed by the fixation of the colloidal 
organic material through the elimination of 
water in the lignite and early subbitumi- 
nous stages may constitute the really im- 
portant change in the conversion of peat 
to coal. Consideration of this stage also 
suggests that a possible difference between 
true lignites and at least some of the brown 
coals may lie in differences in the amount 
of colloidal material concentrated in the 
parent peats of each. Many brown coals 
are poorly consolidated and are difficult 
to distinguish from peat. It appears pos- 
sible that this may be due either to the 
failure of colloids to develop or to the es- 
cape of developed colloids and the conse- 
quent absence of impregnation of the peat 
by colloidal organic material. 

Marshall 61 has published excellent stud- 
ies of a . number of vitrains in which he 
describes shrinkage of the inner cell sacs 

eo Tideswell, F. V., and Wheeler, R. "V., J. 
Chem. Soc.> 121, 2345-62 (1922). 

6i Marshall, C. E., Fuel , 20, 52-9, 82-91 
(1941). 
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in woody material and apparent impreg- 
nation of the resultant capillaries by col- 
loidal organic matter. It appears possible 
that one explanation of some of the differ- 
ences between vitrain and clarain on the 
one hand and durain on the other may 
lie in their relative suitabilities as hosts 
and entrapping media for organic colloids. 
The greater decay of material destined to 
form durain may have so enlarged the 
capillaries and increased the porosity of 
the residue as to permit the escape of or- 
ganic colloids and their concentration in 
the finer capillaries of less decomposed 
bands later to become vitrain or clarain. 

Dynamochemical or Metamorphic Stage. 
As soon as peat is buried by later sedi- 
ments, it is subjected to pressure by the 
load of overburden, and from that time 
onward through its history the organic res- 
idue is undergoing changes in response to 
the two agencies of heat and pressure. It 
is apparent that just as the colloidal chem- 
ical stage of coal formation overlaps with 
the peat stage so does the metamorphic 
stage overlap with both the early stages. 

The first of these agencies active in the 
alteration of organic residues is almost cer- 
tainly pressure from the weight of over- 
burden. Hilt 62 as early as 1873 stated 
that the fixed-carbon content of coals in- 
creases progressively with increased depth 
of burial. It w r as Hilt’s opinion that depth 
of burial was the principal agency in effect- 
ing the increase in rank of coals from lig- 
nite to anthracite. Strahan and Pollard 63 
found, from a detailed study of the anthra- 
cites and bituminous coals of Wales, that in 
a single shaft encountering several coal beds 

62 Hilt, C., Z. Ter. den t. Ing., 17, 194-202 
(1873). 

63 Strahan, A., and Pollard, W., “The Coals 
of South Wales, with Special Reference to the 
Origin and Distribution of Anthracite,” Geol. 
Survey Gt . Brit., Mem . Geol. Survey England 
and Wales, 1908, 78 pp. 


the deeper coals in general had the higher 
fixed-carbon contents. However, that rule 
was not constant, and in considering the 
horizontal extent of the coals it was found 
that those of higher fixed-carbon content 
were present in areas where the total 
thickness of overburden had been least. 
Thus, their studies indicated that depth of 
burial was a factor in coal metamorphism 
but demonstrated clearly that depth of 
burial was not the sole factor. Strahan 
and Pollard concluded that difference in 
composition of original materials was the 
largest single factor in determining the 
variations in fixed-carbon content in coals 
in that field. 

Ashley 64 in a study of cannel coals 
found that, in coals of low rank, cannels 
contained much less fixed carbon than 
closely associated normal banded coals be- 
cause of the differences in original mate- 
rials. Analyses cited by Ashley, however, 
show that, when woody coal has been sub- 
jected to sufficient metamorphism to raise 
the fixed-carbon content to as much as 75 
percent (dry, ash-free), canneloid benches 
of the same bed contain about the same 
amount of fixed carbon as the woody coal. 
It is apparent from these studies that fac- 
tors other than depth of burial and nature 
of the original materials must also in- 
fluence the rank of a coal. 

White 65 > 66 has developed the thesis 
that horizontal thrust pressure due to de- 
formation of the earth’s crust is the domi- 
nant agency in effecting the metamorphism 
and increase in rank of coal. White con- 
sidered vertical pressure from overburden 
effective in the early stages of increase in 

64 Ashley, G. H., TJ. S. Geol. Survey, Bull. G59, 
17 (1918). 

65 White, D., J. W ashington Acad. Sci., 5,* 
1S9-212 (1915) ; Bull. Am. Assoe. Petroleum 
Geol., 19, 589-617 (1935). 

66 White, D., Trans. Am. Inst. Mining Met. 
Engrs., 71, 253-81 (1925). 
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rank of coal but believed it to be merely 
a controlling factor as resistance to thrust 
pressures in the more advanced stages of 
metamorphism of coal. Pie realized that 
the increase in rank of coal under the in- 
fluence of thrust pressure was the result of 
a combination of the direct effect of pres- 
sure with increased temperature resulting 
from compression and friction induced by 
the pressure, both agencies operating over 
a long time period. 

Many geologists, especially among the 
Americans and Canadians, accept the ac- 
curacy of White’s conclusions, although 
some geologists 67 have suggested that fac- 
tors such as weight of overburden, varia- 
tions in original materials and the nature 
of enclosing strata, and heat from other 
sources may have influenced the increase 
in rank of coals to a greater degree than 
was supposed by White. The attempt to 
explain nearly all variations in rank of 
coal by variations in thrust pressure led 
White 66 and later Hendricks 68 into some- 
what strained arguments concerning the 
distribution of forces in thrust pressures 
in the Arkansas-Oklahoma coal field, where 
anomalous relationships exist between the 
degree of deformation and the variations 
in carbon ratios. Fisher 67 in a discussion 
of the last-cited paper called attention to 
“the possibility of hydrothermal activity 
entering into this picture.” 

Some data and opinions have been pre- 
sented on the temperatures to which coals 
of various ranks have been subjected. 
Wheeler and - his associates 69 have made 

67 Dorsey, G. E., Bull. Am. Assoc. Petroleum 
Oeol ., 11, 455-65 (1927). Russell, W. L., ibid., 
11, 977-89 (1927). Reeves, F., ibid., 12, 795- 
823 (1928). Fislier, D. J., ibid., 20, 102-6 
(1936). 

cs Hendricks, T. A., ibid., 19, 937-47 (1935). 

69 Holroyd, R., and Wheeler, R. V., J. Chem. 
Soc., 1928, 3197-203. Wheeler, R. V., and Ver- 
non, W. L., ibid., 1930, 1819-28. Ashmore, J. E., 
and Wheeler, R. V., ibid., 1934, 474-80. 


studies of the thermal decomposition of 
coal in a vacuum. They found that the 
decomposition points of the lignites that 
were studied ranged from 225 to 290° C, 
that no marked decomposition of any bi- 
tuminous coal occurred below 300° C, and 
that rapid decomposition of bituminous 
coals occurred at 310 to 320° C. They be- 
lieved that the gases and liquids that ap- 
peared at lower temperatures were yielded 
by free hydrocarbons and did not repre- 
sent decomposition products. These data 
should not be expected to indicate limiting 
temperatures to which the coals could have 
been subjected because they do not take 
into account the possible effect of pressure 
in modifying the influence of heat on the 
coals. 

Many workers have presented experi- 
mental data bearing on the temperatures 
necessary to produce changes in rank of 
coal. Erdmann 70 concluded from the con- 
version of lignite to bituminous coal by 
heating at 260° C under 70-80 atmospheres 
of pressure that increased temperatures and 
pressures are essential to the formation of 
bituminous coal. Similar results and con- 
clusions resulted from experiments of 
Gropp and Bode 71 which indicated that 
the degree of alteration of a coal was a 
direct function of the temperature to 
which it had been subjected. From studies 
of anthracites and semicokes, Roberts 72 
concluded that the two were so similar 
that anthracite must be formed at practi- 
cally the same temperature as semicoke, 
which is from 500 to 550° C. Lewis 73 
found that heating a low-rank coal under 

70 Erdmann, E., Brennstoff-Chem., 5, 177-86 
(1924). 

71 Gropp, W., and Bode, H., Brannhohle, 31, 
277-84, 299-302, 309-13 (1932). 

72 Roberts, J., Proc. 8. Wales Inst. JEngrs 
40, 97-138 (1924). 

73 Lewis, E., Colliery Guardian, 152, 1147-9, 
1199-201 (1936). 
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a pressure of 300 pounds per square inch 
produced hydrogen and oxygen losses prac- 
tically identical with those of a series of 
coals of increasing rank. Up to 550° , the 
loss of oxygen exceeded that of hydrogen, 
but above 550° the evolution of oxygen de- 
creased and became less than that of hy- 
drogen. According to White, 1 the loss of 
oxygen is more rapid than that of hydro- 
gen with increasing rank through the bi- 
tuminous coals, but it is at about the same 
rate in the passage on to anthracite. Dap- 
ples 74 has called attention to the presence 
in bituminous coals of the Anthracite- 
Crested Butte area, Colorado, of waxes 
that melt from 193 to 210° C under atmos- 
pheric pressure. No resins or waxes are 
present in the anthracites of the area, al- 
though cavities of the size and shape of 
those containing resins in bituminous coal 
were found to be filled with mineral mat- 
ter. This area is one in which heat from 
igneous intrusives has played an important 
| part in the formation of the anthracite. 
f White 75 described the occurrence of resins 
in numerous Paleozoic and younger coals 
of low rank (lignite, subbituminous, and 
high- and medium-volatile bituminous) 
and called attention to their absence in 
high-rank coals. With increase in rank of 
the coals the resins first darken, shrink and 
crack, then become brownish black, spongy 
or granular, residues, and still later are re- 
duced to a thin, fine, black, powdery scale. 
This behavior of the resins in the coals is 
suggestive of the action of resins when 
heated, as pointed out by Dapples. 76 

It is interesting to note that, in the 
highest-rank coals in which resin was ob- 
served by White, it occurred as darkened 

T4 Dapples, E. C., Peon. Geol 34, 309-9S 
(1939). 

75 White, D., 77. 8. Geol. Survey s Professional 
Payer 85, 65-83 (1914). 

76 Dapples, E. €., Trans. Illinois State Acad. 
Set, 30, 176-7 (1938). 


and shrunken rodlets in fusain, but the 
very brittle and easily crushed fusain was 
not crushed. This suggests that the alter- 
ation of the resins resulted largely from 
increased temperature rather than in- 
creased pressure, to which White 65 • 66 
later ascribed so dominant a role. Turner 77 
has shown that fusain is a common con- 
stituent of anthracite, in which it exists as 
uncrushed particles with open pores and 
of such fragility that it must be boiled in 
balsam and xylol before thin sections can 
be cut. Turner also called attention to 
the presence of powdery black material in 
some of the pores. This description is very 
similar to White’s description of the final 
condition of resins in high-rank coals. 

Stadnichenko and White 78 later showed 
that spores, algae, resins, and waxes, in the 
presence of inert gases, melt and volatilize 
at temperatures less than 500° C. Zetzsche 
and Kalin 79 isolated spores and pollens 
from bituminous coal and heated them at 
140 to 340° C with water, glycerol, or par- 
affin under pressure. The spores and pol- 
lens were partly decomposed by this treat- 
ment, and the authors concluded that the 
absence of evidence of similar decomposi- 
tion of spores and pollens in bituminous 
coal shows that those coals were never sub- 
jected to temperatures greater than 200° C. 

Neumann 80 concluded from the stages 
of alteration of resins that ordinary brown 
coals were formed at temperatures of 150- 
180°, some bright brown coals at 265- 
320°, and some low-rank bituminous coals 
at 230-300° C. Kirehheimer 81 studied 

77 Turner, H. G., Trans. Am. Inst. Mining Met. 
Engrs 71, 127-41 (1925). 

7S Stadnichenko, T., and White, D., Bull. Am. 
Assoc. Petroleum Geol., 10, 860-76 (1926). 

Stadnichenko, T., ibid., 13, 823-48 (1929). 

79 Zetzsche, F., and Kalin, O., Helv. Chim. 
Acta , 15, 670-4, 675-80 (1932). 

so Neumann, B., Brennstoff-Chem 15, 25~7 
(1934). 

81 Kirehheimer, F., ibid., 15, 21-5 (1934). 
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thermal effects on pollens and spores and 
made comparisons with the condition of 
those materials in various low-rank coals. 
From those studies he concluded that the 
temperatures did not reach 130° in the 
formation of soft brown coals, that they 
were between 130 and 200° during the 
formation of the bright brown coals, and 
that they were above 200° C during the 
formation of low-rank bituminous coals. 

Numerous examples of increase in rank 
of coal in zones near igneous intrusions 
have been described. 82 In many such oc- 
currences the common result is that either 
the coal is burned or coke is formed in 
contact with the igneous rock, anthracite 
is formed near but not in contact with the 
igneous rock, and the rank of the coal de- 
creases at progressively greater distances 
from the intrusive. Among the papers 
that suggest definite temperatures at which 
changes in rank of coal occur as the result 
of igneous intrusions is that of McFar- 
iane, 83 who studied coals of the Yampa 
coal field, Colorado, that have been altered 
by local igneous intrusives. McFarlane 
concluded that the changes from low-rank 
bituminous coal to semianthracite takes 
place in the range of temperature from 
160 to 350° C, true anthracite is formed 
at temperatures between 350 and 600° C, 
and natural coke at temperatures between 
600 and 900° C. Above 900° C the pores 
of the coke begin to close. 

Briggs 84 has contended that time alone 

82 Rogers, W. B., Am. J. Sci., 43, 175-6 (1842). 
Clough, C. T., et al., “The Economic Geology of 
the Central Coal Field of Scotland. Area V. 
Glasgow East, Coatbridge, and Airdrie,” Geol. 
Survey Gt. Brit., Mem,. Geol. Survey Scotland, 
1926, 171 pp. Eby, J. B., Trans. Am. Inst. Min- 
ing Met. Engrs ., 71, 246-52 (1925). Briggs, H., 
Trans. Inst. Mining Engrs., 89, 187-219 (1935). 
Marshall, C. E„ ibid., 91, 235-60 (1936). 

83 McFarlane, G. C., Econ. Geol., 24, 1-14 
(1929). 

84 Briggs, H., Chemistry & Industry , 50, 127- 
33 


is adequate to produce all the changes in 
rank of coal, although he has conceded 
that moderate heat and pressure accelerate 
the progressive changes. His idea is so in- 
consistent with the wide distribution of 
coals of the same age but of different ranks 
and also with the wide distribution of coals 
of vastly different ages but the same rank 
that the acceptance of time as the single 
important agency is impossible. Briggs 82 
also cited some pressure experiments con- 
ducted by J. Wilson in which peat, lignite, 
and several bituminous coals were sub- 
jected to pressures of 15 tons per square 
inch with relatively constant controlled 
temperature. The pressure was increased 
in 5-ton steps at 15-minute intervals and 
was held at 15 tons for one hour. Losses 
of volatile matter (dry, ash-free basis) 
were, for four samples: peat, 2.8 percent; 
lignite, 4.3 percent; and bituminous coal, 
1.48 to 4.14 percent. These results show 
that pressure can reduce the volatile con- 
tent of a coal, but the data are inadequate 
to show whether the volatile matter lost 
w r as merely occluded gas or was in part 
gas derived from solid compounds in the 
•coal as a result of the pressure. 

Campbell, 85 in discussing the progressive 
increase in rank of coal, which he attrib- 
uted to pressure, stressed the development 
of a high degree of friability in coal of low- 
volatile bituminous rank and the recemen- 
tation of the friable coal upon conversion 
to semianthracite. The most significant 
chemical changes in the coal in this stage 
of alteration are the acceleration in loss of 
hydrogen previously mentioned and a rel- 
ative increase in the fixed-carbon content. 
The concurrence of these two phenomena 
is suggestive of a causal relationship be- 
tween them. It seems probable that the 
recementation is accomplished by the poly- 

85 Campbell, M. R., Econ. Geol., 25, 675-96 
(1930). 
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merization of some hydrocarbon com- 
pound or group of compounds that results 
in the loss of hydrogen and the cementa- 
tion of the friable coal. To accomplish re- 
cementation the percentage of carbon must 
be increased in the crystal structure of 
materials present in the coal. The restric- 
tion of such cementation to a small part- of 
the metamorphic sequence in coals sug- 
gests that it occurs only above a critical 
temperature or at elevated temperatures 
that may vary with varying pressure. 
Roberts 86 recognized the fracturing and 
recementation stages of coal metamorphism 
and attributed the recementation to car- 
bonization and semifusion at about 500° C 
under pressure too great to permit the de- 
velopment of the porous structure of coke. 

Some X-ray studies by Sedletskii 87 in- 
dicate that lignin, humic acid, and coal 
have crystal structures resembling graphite. 
His X-ray studies indicated that the size 
of the crystal increased progressively from 
lignin, through humic acid and coal, to 
comparatively great size in graphite. His 
observations suggest that the recementa- 
tion postulated in the change from low- 
volatile bituminous coal to anthracite may 
have resulted from polymerization that in- 
creased the carbon content and size of the 
graphitelike crystal. The possibility of 
chemical release of carbon at that stage 
in the metamorphism of coal is suggested 
by the sharp drop in the hydrogen-carbon 
ratio from low-volatile bituminous coal 
through semianthracite to anthracite, as 
pointed out by White. 88 

ss Roberts, J., Colliery Eng., 11, 170-5 (1934). 

87 Sedletskii, I. D., and Brunoyskii, B., Kol- 
loid-Z.,7 3, 90-1 (1935). Sedletskii, I. D., Trav. 
inst. Lomonossoff g&ochim., crist. mineral., S, 61- 
70, English abst. 70 (1936) ; Soviet Geol., 9, 
No. 6, 48—63 (1939) ; Khxm. Referat . Zhur 
1939, No. 10, 96-7; Chem. Abs 32, 1539 
(1938), 34, 6792 (1940). 

ss White, D., V. S. G-eol. Survey, Bull. 3S2 
(1909), 72 pp. 


From some point in the subbituminous 
stage onward to anthracite and graphite, 
coal may be considered a solid with some 
included water and gases. Changes in 
solid coal occur in response to the two 
main agencies of heat and pressure and 
consist for the most part of the removal 
of molecules of water, carbon dioxide, and 
methane from the various compounds 
present in the coal. Presumably, the ele- 
vated temperatures and pressures to which 
coals are subjected generally persist over 
long periods of time. When low-rank coals 
are heated in the laboratory under pres- 
sure in the presence of inert media, pro- 
gressive changes can be produced that ap- 
pear to duplicate the changes through the 
ranks of subbituminous, bituminous, and 
anthracite. However, the observed tem- 
perature at which each rank of coal is 
produced in such experiments is not neces- 
sarily an indication of the temperature re- 
quired for the formation of that rank of 
coal by geologic processes. The impossi- 
bility of duplicating the pressures that ex- 
isted in nature and of equaling the long 
time period of natural coal formation 
means that such experiments give infor- 
mation on but one of three variables in 
the process. Studies of coals raised to 
higher rank by heat from igneous intrusives 
and computations of the probable temper- 
atures reached yield some information con- 
cerning possible temperatures of formation 
of various ranks of coal. Again, however, 
the time factor is very small as compared 
to that available in the broad areas of coal 
of elevated rank not associated with in- 
trusive masses. It is generally accepted 
that the speed of reaction,, doubles with 
each increase of 10° C in temperature; 
nevertheless, it is possible that several crit- 
ical temperatures may exist for the elimi- 
nation of molecules or radicals from the 
organic compounds in coal. If this be true, 
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the combination of long time periods with 
low temperatures may be ineffective in pro- 
ducing certain of the changes that occur 
with increase of rank of coal. The only 
conclusions that can be reached from ex- 
isting data regarding the temperatures of 
coal formation are that anthracites are 
formed at temperatures of not more than 
600° C, low-rank bituminous coals at tem- 
peratures of not more than 350° C, and 
subbituminous coals and lignites, in which 
moisture is important, at temperatures less 
than 100° C. Coals tend to be coked ad- 
jacent to intrusives, but they tend to pass 
into graphitic coals and graphite in areas 
of metamorphism not directly related to 
intrusives. This combination of facts sug- 
gests that the graphitization of coal is not 
a direct function of heat. Pressure must 
be an important factor in the alteration of 
coal to graphite, as minor shear planes are 
common and the high specific gravity of 
graphite suggests structural reduction of 
volume. However, the significance of this 
relationship is more apparent than real, 
because coal that has been coked near in- 
trusives still retained its coking properties 
at the time of invasion by hot magmas, 
whereas the graphitic coals were formed by 
the action of heat or pressure on "anthra- 
cites which are noncoking. 

The conclusions that can be drawn from 
our present knowledge concerning the met- 
amorphic agencies that produce the in- 
creases in rank of coal have been well sum- 
marized by White 89 in the following state- 
ment: 

It is hardly to be questioned that the 
principal advances in the metamorphism 
(carbonization-devolatilization) of the or- 
ganic sediments are accomplished at the 
same times as those of the inorganic rocks — 
that is, in periods of rock compression and 
increase of temperature marking orogeny 

89 White, D., U. 8. Congressional documents , 
7 3rd Cong., recess , H. Doc. 441, 908 (1934). 


and diastrophic revolution. At these times, 
the metamorphic influence of pressure, 
mainly “horizontal,” exerted intermittently 
and with increasing intensity, always through 
a long period (time factor), is most ef- 
fective, with consequent increase of temper- 
ature in the rocks, due to heat of compres- 
sion and friction and to heat of chemical re- 
action, to which may under some conditions 
be added heat due to movement of magma 
of the zone of flow to points nearer the sur- 
face of the earth’s crust, as beneath anti- 
clinoria. 

Finally, it may be stated that the pro- 
gressive metamorphism of coal through the 
bituminous and anthracitic ranks is accom- 
plished by a combination of two agencies, 
increased heat and increased pressure, op- 
erating over variable time periods. It 
seems probable that coal of any one rank 
can be formed at different temperatures if 
the pressure and time period are varied, 
or at different pressures if the temperature 
and time period are varied, or in different 
intervals of time if the temperatures and 
pressures are varied. 

Fusain. Fusain (mineral charcoal) is 
one of the common constituents of coal, 
but some workers do not believe pure fu- 
sain to be coal. In addition, the origin 
of fusain is quite different from that of the 
other coal constituents. For these reasons 
the origin of fusain is considered sepa- 
rately. The mode of origin of fusain has 
been a source of much speculation. In 
general, two schools of thought have ex- 
isted, the first attributing the origin of fu- 
sain to charring of plant material in forest 
fires, and the second to some form of chem- 
ical alteration of plant material prior to 
burial. Kars ten 90 and Rogers 4 were the 
earliest proponents of the theory of chem- 
ical alteration for the formation of fusain, 
and Daubree 91 was the earliest advocate 

90 Karsten, C. J. B., Arch. Bergdau Hiittenw 
12, 3-244 (1826). 

91 Daubree, A., Bull, soc . g&ol. France, [2] 3, 
153-7 (1846). 
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of the forest-fire theory. Thiessen 1 in 
1913 suggested that dehydration of woody 
constituents in the peat stage was respon- 
sible for the development of fusain. 
White 42 believed fusain to be formed by 
chemical changes occurring in surficial 
peat-swamp materials during periods of 
dryness. He believed that under dry con- 
ditions some chemical change took place 
that rendered wood, bast, etc., immune to 
further subaqueous bacterial decomposi- 
tion. Stopes and Wheeler 1 attributed the 
formation of fusain to rapid aerial decay 
at or near the water surface of the swamp 
in which most of the debris was sub- 
merged. Fox 2 believed the formation of 
fusain to be due to carbonization as a re- 
sult of catalytic action in capillary spaces. 
Lange and Erasmus 92 carbonized partly 
silicified lignites showing well-preserved 
cell structure by heating under water at 
340° C for two hours, then leached out the 
silica. The residue had been carbonized 
to fusain with the exception of cell aggre- 
gates originally impregnated with bitumi- 
nous material, which were changed to 
vitrain. Lange and Erasmus concluded 
that cell w r alls filled with humic acids are 
converted to vitrain, and w r ood filled with 
gases, silica, or similar substances as well 
as wmod that, had lost its permeability to 
humic acids through drying are carbonized 
to fusain. Berl and Keller 52 called atten- 
tion to the high lignin content of fusain in 
brown coals and were of the opinion that 
fusain is essentially a carbon residue of 
lignin. Hsiao 93 impregnated wood with 
ammonium or sulfo or phospho compounds 
and formed charcoal by heating at low 
temperatures. Hsaio suggested that fossil 
charcoal was formed by that process and 

92 Lange, Th., and Erasmus, P., Braunkohle , 
29, 463-9 (1930). 

93 Hsiao, C. C., Bull. Geol. Sog. China , 18. 
191-6 (193S). 


because of its chemical inertness did not 
undergo the chemical changes that affected 
the nonimpregnated debris. 

In a special publication edited by 
Stutzer, 28 a dozen students of coal pre- 
sented their concepts of the formation of 
fusain. The forest-fire theory was upheld 
by H. Bode, W. Gothan, E. C. Jeffrey, 
R. Potonie, and W. Petrascheck. A gen- 
eral theory of desiccation in air was ad- 
hered to by A. Duparque, Th. Lange, and 
D. White. A theory of dehydration by 
sulfuric acid was advanced by 0. Stutzer 
and K. A. Jurasky. The opinion that fu- 
sain has been formed by more than one 
method was expressed by E. Stach and 
K. Pietsch. 

The general objections to the forest-fire 
theory that were expressed are: (1) lack 
of ash layers and ash mixed with fusain 
such as result from modern fires; (2) im- 
probability of extensive fires in a typical 
peat swamp; (3) the fact that very fragile 
plant structures, such as finely veined fern 
pinnules, are fusainized; (4) the existence 
of plant stems, such as Cordaites, in which 
the pithy core is fusainized and the outer 
part converted to vitrain; (5) the fact 
that the temperatures required to produce 
fusain in forest fires would have been so 
great that resins would have disappeared 
and also spores, waxes, and other hydrog- 
enous substances would have been fused 
or destroyed; and (6) the transition from 
vitrain to fusain in individual wood frag- 
ments. 

The principal arguments advanced in 
favor of the forest-fire origin of fusain are: 
(1) that there is at least apparent similar- 
ity between fusain and charcoal formed by 
fire; and (2) that fragments of charcoal 
occur in concretions, coal balls, etc., and 
must have existed as charcoal prior to 
deposition. 
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Lieske 94 suggested in 1929 that fusain 
was formed as a result of “gas pockets” 
developing in the original peat. The plant 
material in the gas pockets was protected 
from impregnation with humic derivatives 
of plant decay and from aerobic decay by 
a cover of colloidal gels. The resultant 
anaerobic decay within the gas pocket 
formed fusain. Hoffmann 95 pointed out 
that, though the process described by 
Lieske might apply to fusain embedded in 
vitrain, it would not apply to fusain em- 
bedded in durain, which must have been 
porous in the peat stage and shows no evi- 
dence of the presence of humic gels to 
serve as the protective coating. Berg- 
strom 96 has mentioned the formation of 
coke from resinous gums in sawdust piles 
where charcoal is formed after spontane- 
ous combustion occurs. It was suggested 
that spontaneous combustion in piles of 
forest litter caused peat fires that formed 
fusain, but the absence of coke in natural 
fusainized materials is not accounted for 
adequately. 

Thiessen, 1 in discussion after the presen- 
tation of his paper “What is Coal,” stated 
that his opinion regarding the origin of fu- 
sain was that: “• * * a certain kind of bac- 
teria brought about locally a high temper- 
ature, high enough to blacken certain con- 
stituents, or bring about a higher state of 
coalification than the rest of the coal. 
Similar processes are going on in the peat 
bogs today. The bacteria are called ther- 
mophiles or thermophilic bacteria.” 

From the data and arguments supplied 
by the various authors the writer believes 
most fusain to have been formed by de- 
hydration of plant debris before burial 
and further loss of volatile constituents 

94 Lieske, R., Brennstoff-Chem., 10, 422-4 

(1929). 

95 Hoffmann, E., ibid 10, 419-22 (1929). 

96 BergstrQm, H., Proc. 3rd Intern. Conf. Bi- 
tuminous Coal , 2, 794-5 (1931). 


after burial. The general absence of fu- 
sain as such in peat together with its gen- 
eral presence in normal banded coal seems 
to preclude a forest-fire origin for most 
fusain. 

Cannel and Boghead Coals 

The nature and origin of cannel coal 
were described by Dawson 17 in 1871, and 
his ideas have been little modified by later 
workers. Typical cannel coals are those 
that are made up chiefly of spores and 
spore exines. It is generally agreed by 
workers who have studied cannel coals 
that they were formed from accumulations 
of spores, spore exines, and pollens in areas 
of open water. These materials are be- 
lieved to have been transported either by 
water or wind to the site of deposition. 
The generally high mineral-matter content 
of cannel coal, the occurrence of most can- 
nel coals in lenticular, channel-shaped bod- 
ies, the presence of invertebrate fossils and 
even fishes in some cannels, and the spore 
content of the cannels all suggest trans- 
portation of the parent material. 

After deposition of the spore-rich ma- 
terial the formation of cannel coal appar- 
ently is parallel to and a result of the same 
agencies that form and modify the normal 
banded coals. 

Among studies of boghead or algal coals 
the work of Bertrand and Renault 33 - 97 
has been outstanding. Their numerous 
publications over a period of about twenty 
years established most of the modern con- 
cepts of composition and origin of the bog- 
head and cannel coals and oil shales. 98 

97 Bertrand, C. E., and Renault, B., Bull. soc. 
hist. nat. Autun, 5, 159-253 (1892). Bertrand, 
C. E., “Les eharbons humiques et les eharbons 
de purins,” Trav. m6m. Univ. Lille , 6, mdm. 21 
(1898), 214 pp. 

98 Zalessky, M. D., Bull, eomit. giol. St. Peters- 
burg , 33, 495-507 (1914) ; Ann. soc. paUont. 
Russie , 1, 25-42 (1916). Thiessen, R., V. 8. 
Q-eol. Survey, Professional Paper 132, 126-135 
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Later work on such deposits has confirmed 
the fundamental concepts of Bertrand and 
Renault. The first stage of their work 
substantiated the suggestion of David" 
that the “yellow bodies” common in oil 
shales are algal remains. They showed 
that boghead coals were characterized by 
abundant algae and cannel coals by abun- 
dant spores. Renault particularly showed 
that the entire group of deposits was 
formed in open-water areas in which the 
presence or absence of flocculent humic 
matter called the “fundamental jelly” de- 
termined whether coal or organic shale was 
formed. In open-water areas associated 
with peat swamps or other areas of abun- 
dant decaying humic debris, the toxic fun- 
damental jelly was present near the bot- 
tom and served as a matrix into which the 
spores of cannel deposits and the algae of 
boghead deposits settled and were pre- 
served. In the more open-water areas of 
larger lakes and seas humic decomposition 
products were present in small amounts 
only. Spores and algae were more deeply 
decayed and commonly were mixed with 
a higher proportion of both clastic and 
chemically precipitated inorganic matter, 
and oil shales and eanneloid shales were 
formed. Partly by inference from studies 
of bogheads and oil shales and partly by 
direct study, it also was concluded that 
the fundamental jelly of humic decompo- 
sition products was essential to the termi- 
nation of bacterial decay in the peats that 
constitute the initial stage of formation of 
normal banded coals and in addition served 
as an impregnating material in those coals 
after the completion of the peat stage. 

(1925). Bradley, W. H. } ibid., 168, 37-8 (1931). 
Blackburn, K. B., and Temperley, B. N., Trans. 
Roy. Soc. Edinburgh, 58, 855-69 (1935-6). 

Skilling 1 , W. J., Oil Shale and Cannel Coal, Inst, 
of Petroleum, London, 1938, pp. 32-8. 

99 David, T. W. E., JProc. Linnean Soc. N. S. 
Wales, [2] 4, 483-500 (1889). 


Nature and Origin of Mineral Matter 
in Coal 

All coals contain more or less mineral 
matter, and the problem of its origin is 
a part of the problem of the origin of 
coal. The nature and distribution of min- 
eral matter in coal give some information 
bearing on the conditions of deposition of 
the coal-forming materials, and it is pos- 
sible that some inorganic constituents of 
the mineral matter have entered into reac- 
tions with organic compounds and thus 
played a direct part in the transformation 
of plant material into coal. 

Lessing 100 classified the mineral constit- 
uents of coal as follows: (1) the residue 
of the mineral constituents of the plants 
from which the coal is derived; (2) detri- 
tal matter, blown, washed, or settled into 
the deposit; (3) saline deposits from water 
with which the plants or plant residues 
were in contact before and during coal for- 
mation; (4) crystalline deposits from 
waters which percolated the coal seams 
through cracks and fissures during and 
after coal formation; (5) products of de- 
composition of the above substances and 
of interaction between themselves and the 
coal substances. He also pointed out that 
part of the inherent ash of the original 
plants or of the minerals from other 
sources may have been removed during or 
after the process of coal formation. He 
analyzed the ashes from the four main 
constituents of ITamstead “thick coal” and 
obtained the. results given in Table II. 

Lessing considered the ash of clarain 
and vitrain largely inherent plant ash, 
that of durain largely detrital clay par- 
ticles, and that of fusain together with 
that found in cleats and partings largely 
material deposited from infiltrating solu- 

100 Lessing, R., J, Soc. Chem. Ind., 44, 277- 
83 (1925). 
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TABLE II 

Composition op the Ashes from the Four 
Main Constituents op Hamstead “Thick 
Coal” Reported by Lessing 100 



Fusain 

Durain 

Clarain 

Vitrain 


percent 

percent 

percent 

percent 

Si0 2 

8.84 

50.54 

9.44 

6.08 

AI 2 O 3 

8.66 

42.34 

16.58 

15.49 

Fe 203 

3.37 

1.36 

3.31 

3.09 

MnO 

0.51 

0 

0.23 

0.13 

Ti0 2 

0.04 

0.44 

0.50 

0.24 

CaO 

57.00 

3.69 

12.98 

15.22 

MgO 

1.30 

0 

10.52 

1.87 

Na 2 0 

3.24 

0 

15.71 

17.67 

K 2 O 

0.67 

0 


0.20 

so 3 

14.65 

3.23 

32.18 

30.89 

p 2 0 5 



0.01 

trace 

co 2 

2.98 



6.69 


101.26 

101.60 

101.46 

97.57 

Soluble in H 2 0 

16.57 

3.48 

65.24 

69.52 

Soluble in HC1 

71.38 

23.81 

17.86 

20.46 

Insoluble in HC1 

12.05 

72.71 

16.90 

10.02 


100,00 

100.00 

100.00 

100.00 

tions. In Lessing's 

opinion 

the data sup- 


plied by his studies, so far as they bear 
on the origin of coal, indicated that clarain 
and vitrain consist of pure plant remains, 
whereas durain contains much clay mixed 
with small plant entities. Lessing believed 
this to indicate that durain was formed in 
deeper water than vitrain and clarain and 
was subjected to contamination by trans- 
ported mineral debris. 

Ball 101 has made a thorough study of 
the mineral matter contained in a complete 
section of a coal bed. He found both de- 
trital material that had been introduced 
at the time of peat formation, and sec- 
ondary minerals that had formed after the 
deposition of the coal-forming material. 
The common detrital material was clay, 
but present also in small amounts were 
quartz, feldspar, garnet, common horn- 
blende, apatite, zircon, muscovite, epidote, 
biotite, augite, kyanite, rutile, staurolite, 

101 Ball, C. G., Illinois State Geol. Survey , 
Kept. Investigations 33 (1985), 106 pp. 


topaz, tourmaline, and chloritic material. 
The secondary minerals were: (1) kaolin- 
ite, which occurred as fillings of vertical 
desiccation cracks in vitrain and cleat 
joints and as impregnations of fusain; (2) 
calcite, as the principal mineral fillings of 
the longer cleat joints; and (3) pyrite 
(marcasite) as layers, nodules, fillings of 
cracks and joints, impregnations, and scat- 
tered aggregates. 

Lessing 102 considered the distribution of 
coal ash in vitrain, fusain, and durain. Fu- 
sain ash was highly variable, consisting 
mostly of calcium carbonate and iron car- 
bonate, and apparently was deposited from 
percolating waters. Durain ash consisted 
largely of aluminum silicates (clay miner- 
als) and was a function of the attrital na- 
ture of durain. Vitrain (and clarain) ash 
represented the original plant ash or its 
residue. 

Hickling 103 found the mineral matter to 
be much the same as that given by Ball, 
and the distribution to be similar to that 
given by Lessing. Attention was called to 
the low ash content of vitrain, which was 
generally less than 1 percent. The vitrain 
ash was less than that of the original plant 
materials and also higher in iron content 
than initial wood ash, which indicates that 
the residual plant ash is not the same as 
the original plant ash. Haas 104 has tabu- 
lated the elements present in plants "which 
are to be expected in coals. The elements 
sulfur, phosphorus, potassium, calcium, 
magnesium, and iron are essential to the 
existence of all plants. Silicon, chlorine, 
sodium, manganese, iodine,, and aluminum 
are found in the ashes of certain plants 
and may be essential for those plants. The 
ash content of land plants ranges from 

102 Lessing, R., Proc. 1st Intern. Oonf. Bitumi- 
nous Coal , 1926, 165-85. 

103 Hickling, H. G. A., Trans. S. Wales Inst . 
Engrs., 46, 932-6 (1931). 

104 Haas, P., Fuel , 4, 424-9 (1925). 
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less than 1 percent- in wood to an average 
of 8 to 12 percent in leaves. Aquatic 
plants are generally higher in ash than 
land plants, algae averaging from 10 to 
40 percent, though some contain as much 
as 60 percent. Zalessky 105 showed that 
some coals have less ash than is found in 
the plant families represented in the coal. 
This observation, which recurs particu- 
larly in discussions of vitrain, suggests 
that some mineral matter is extracted from 
the original plant material during the proc- 
ess of coalification. It is confirmed to a 
certain degree by the recognition in peat 
and lignite of calcium ulmates, or humates, 
by Websky 106 and of whewellite (calcium 
oxalate), humboldtine (ferrous oxalate), 
and mellite (an aluminum salt of mellitic 
acid) by Clark. 107 Other investigators, 
such as van Bemmelen 108 and Baumann 
and Gully, 109 have contended that humins 
in the form of hydrosols or hydrogels will 
absorb inorganic salts which cause their 
precipitation. Oden 110 has shown that 
humins are acids with replaceable hydro- 
gen which permits the formation of salts 
with alkalies. Fuchs 44 has found abun- 
dant humates in brown coal, calcium hu- 
mate being insoluble. It appears probable 
from these data that some of the inorganic 
material in the original plants may react 
with organic derivatives to form soluble 
compounds which are lost, thus reducing 
the content of inorganic material. Fischer 
and Bahr 111 demonstrated base-exchange 

los Zalessky, M. D., “Histoire naturelle d’un 
charbon,” Mem. comit. g&ol. Petrograd, 139, new 
ser. (1915), 74 pp. 

106 Websky, A., J. praU. Chem., 93, 86 (1S64). 
io< Clark, F. W., Z7. )S. G-eol. Survey, Bull. 770, 
759 (1924). 

ios Van Bemmelen, J. M., Die Absorption, 
Theodor Steinkopff, Dresden, 1910, 548 pp. 

ios Baumann, A., and Gully, E., Mitt. bayr. 
Moorkulturanstalt, 4, 31-156 (1910). 
no Od6n, S., Ber., 45, 651-60 (1912). 
in Fischer, F., and Bahr, T., Brennstoff-Chem., 
15, 245-50 (1934). 


reactions in humates that may produce 
either soluble or insoluble materials and 
consequently may play an important part 
in the early stages of coal formation. 

Briggs 112 and Goldschmidt and Pe- 
ters 113 recorded the presence in coal ash 
of vanadium, titanium, manganese, bar- 
ium, gold, silver, copper, lead, zinc, tin, 
arsenic, antimony, uranium, germanium, 
beryllium, boron, scandium, yttrium, plat- 
inum, cobalt, and cadmium. Goldschmidt 
and Peters found the rare elements to be 
more common in low-ash coals and con- 
cluded that they occur in plant ash rather 
than in ash from extraneous material. 
Lessing 114 reported fluorine, probably from 
fluorite as an extraneous impurity, present 
in one coal in sufficient quantity to cause 
disintegration of porcelain tower fillings in 
gas works. 

Experiments on anthracites conducted 
by Turner 115 showed a concentration of 
ash in the duller bands and even distribu- 
tion in the brighter laminae, and suggested 
that the inorganic constituents are not 
combined chemically with the organic mat- 
ter to any marked extent. However, such 
conclusions do not preclude the possibility 
of chemical combination of organic and 
some inorganic matter in the earlier stages 
of coal formation. 

Detrital clay minerals, with their ex- 
changeable bases, may play an important 
part in the early stages of coal formation, 
as may also calcium carbonate and pyrite. 
However, data are too few to show what 
effect they and the rarer inorganic constit- 
uents of coal may have had in the process 
of coal formation. 

112 Briggs, H., Fuel, 13, 303-4 (1934). 

, H3 Goldschmidt, V. M., and Peters, C., Brenn- 
stoff-Chem 14, 410 (1933). Goldschmidt, V. M., 
Ind. Eng. Chem., 37, 1100-2 (1935). 

H4 Lessing, R., Fuel, 13, 347-8 (1934). 

ns Turner, H. G., Trans. Am. Inst. Mining 
Met. Engrs., S8, 627-41 (1930). 
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CLASSIFICATION OF COAL 

Harold J. Rose 
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Coal is one of the world’s leading com- 
modities, whether measured in terms of 
tonnage produced, monetary value, or in- 
dustrial importance. Because of the wide- 
spread occurrence of coal deposits, the 
numerous varieties which are available, and 
the diversity of uses, a great many meth- 
ods of coal classification have been used 
during the past 100 years. These classifi- 
cations have been designed to serve many 
special interests, ranging from the scien- 
tific viewpoints of geologists, paleobot- 
anists, and research chemists, to the prac- 
tical viewpoints of transportation agencies, 
coal salesmen, and combustion engineers. 

Many of the classifications require a 
knowledge of the chemical composition or 
physical properties of coal, or even a de- 
tailed microscopic investigation, whereas 
other methods of classification are based 
on such simple and obvious factors as the 
geographic location of coal deposits, the 
railroads which serve the mines, or the 
size of lumps. The most voluminous clas- 
sification in use today relates to prices that 
may be charged for bituminous coal and 
is based chiefly on prior marketing prac- 
tices and average production costs. 

Practically every chemical and physical 
characteristic of coal, as well as every item 
of its commercial description, has been 
used or seriously proposed for classifica- 
tion purposes. The literature on coal clas- 


sification is so voluminous, and overlaps 
so extensively with the other subjects in 
this volume, that a considerable degree of 
selection has been necessary in preparing 
this chapter. Nevertheless some duplica- 
tion of material has been unavoidable. 

Emphasis has been placed on recent 
methods of classification which have re- 
ceived widest acceptance, or which seem 
to be of greatest interest and value to sci- 
entific and technical readers. References 
to various foreign classifications are in- 
cluded, but attention has been directed 
principally to the coals of the United 
States and Canada, which comprise about 
two- thirds of the world’s known reserves 
and include a rather complete range of 
types, ranks, and grades of coal. 

Classification by Type 

Because of the way in which coal de- 
posits have been formed, they are highly 
variable. The “type” depends upon the 
nature and biochemical alteration of the 
original plant ingredients; the “rank,” 
upon their subsequent alteration by dy- 
namochemical processes in the series peat 
to anthracite; and the “grade,” upon the 
amount and nature of the mineral im- 
purities associated with the coal. 

Coal Is a Rock , Not a Mineral . “Coal 
is a rock, since the geologist regards as 
rocks all natural, solid substances, organic 
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or inorganic, that compose the earth’s 
crust. In trade, industry, and legal affairs 
it is also considered a mineral, and it is 
sometimes spoken of as mineral coaL In a 
restricted technical sense, however, it is 
not a mineral, as such a substance is de- 
fined by Dana, our standard authority on 
minerals. A mineral, according to Dana, 
is an inorganic, homogeneous substance 
with a definite chemical composition, all 
of which requirements coal lacks.” 1 

It has long been known that coal is de- 
rived from plants; in fact, coal contains 
a large proportion of material which re- 
tains much of the original plant structure 
in a good state of preservation. In 1833, 
Hutton 2 described plant cells found by 
the microscopic examination of coal and 
concluded that “every variety of coal is of 
vegetable origin” and that “the difference 
of the nature of these varieties has most 
probably arisen from an original difference 
in the nature of the vegetables of which 
they are composed.” 

A summary of coal paleobotany by 
Thiessen and Sprunk 8 points out that 
three classes of plants are easily recog- 
nized in coal, namely: coniferouslike, eyc- 
adophyte or fernlike, and fycopods (which 
were trees related to present club mosses). 
These are not mixed promiscuously 
throughout the coal but are separately ag- 
gregated, and usually one class of plants 
predominates in a given coal bed or layer. 

GEOLOGIC CLASSIFICATION 

The geologic age of coal deposits is also 
of interest in this connection, because of 
the great change in the character and pre- 

1 Moore, E. S,, Coal — Its Properties , Analysis , 
Classification, Geology , Extraction, Uses and Dis- 
tribution , John Wiley & Sons, New York, 2nd 
ed., 1940, p. 3. 

2 Hutton, W., Phil. Mag., 2, 302-4 (1833). 

s Thiessen, R., and Sprunk, G. C., U. 8. Bur. 
Mines, Tech. Paper 631 (1941), 56 pp. 


dominant types of vegetation during the 
period of perhaps 200,000,000 years during 
which coal deposits have been forming. 
Whereas deposits of vegetal matter occur 
even in pre-Cambrian rocks, land plants 
did not become sufficiently abundant to 
form coal deposits until the Upper De- 
vonian, and little coal of present commer- 
cial character was laid down until the 
Carboniferous Age. 

Geologic age is one of the oldest meth- 
ods of classifying coal, and it is always 
stated in a comprehensive discussion of 
coal deposits. Table I summarizes the 


TABLE I 

Geological Formations Which Contain 
Coal 


Era 

System, Age, 
or Period 

Series or 
Epoch 


Quaternary 

Recent 

Pleistocene 

Cenozoie 

Tertiary 

Pliocene 

Miocene 

Oligocene 

Eocene 

Mesozoic 

Cretaceous 

Jurassic 

Triassic 

Cretaceous 

Jurassic 

Triassic 

Paleozoic 

Carboniferous 

Permian 

Pennsylvanian 

Mississippian 


Devonian 

Devonian 


geological ages in which coal deposits oc- 
cur. 

Thiessen has briefly described the char- 
acteristic plant growth during each pe- 
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riod 4 Gruner and Bousquet 5 have sum- 
marized the < types of flora in the principal 
coal deposits of the world. For a com- 
parison of the names used for coal-bearing 
strata in the United States, Great Britain, 
France, Germany, and Australia, see 
Moore, 6 who presents 113 pages on the 
geologic and geographic distribution of 
coal throughout the world, with many 
maps and tables. The same reference in- 
cludes information on the relative impor- 
tance of coal deposits of each geologic age 
and rank, in the various countries. 

CLASSIFICATION ACCORDING TO BANDED 
STRUCTURE 

Thiessen, in well-illustrated papers, 7 - 8 
has traced the steps by which living plant 
tissues have been converted into coal of 
various types and ranks. 

For a discussion of coal petrography, see 


summary at this point will serve to explain 
classification according to banded structure 
and type. 

Most coals have a laminated structure 
consisting of layers which may vary widely 
in thickness, luster, and texture. This 
banded structure persists in all ranks of 
coal from lignite to anthracite but is usu- 
ally most obvious in bituminous coals. 
Careful examination of large polished ver- 
tical faces of common bituminous coal 
shows that the jet black, glossy layers of 
“anthraxylon” or “vitrain” are of limited 
lateral extent and are embedded in a con- 
tinuous ground mass of variable “attritus,” 
which is grayer, duller in luster, and 
tougher. Layers of “fusain” or “mineral 
charcoal” may also be present, as well as 
layers or inclusions of mineral impurities. 

Table II presents a classification based 
on banded structure. 10 


Coarsely banded 
Finely banded o: 

Microbanded or 
Mixed banded 
Nonbanded (little or no lamination) 

Chapter 3 of this volume, and also a 
symposium of six papers on the physical 
constitution of coal. 9 However, a brief 

4 Tliiessen, R., Trans. Am. Inst. Mining Met. 
Engrs., SS , 419-35 (1930). 

5 Gruner, E., and Bousquet, G., Atlas general 
des houilleres, Comite Central des Houill&res de 
France, Paris, 1911, Pt. 2, p. 14. 

e Moore, E. S., p. 348 of ref. 1. 

7 Tliiessen, R., Proc. Fuel Engrs, Appalachian 
Coals, Inc., 4, 211-72 (1937), 5, 112-74 (1937). 

8 Tliiessen, R., Proc. 2nd Intern. Con f. Bi- 
tuminous Coal, 1, 695-707 (1928). 

9 Cady, G. H., J. Qeol., 50, 337-56 (1942). 
Lowry, H. H., Ibid., 50, 357-84 (1942). Mar- 


eye 

Both coarse and fine bands 
Cannel and boghead coals which break 
with conchoidal fracture 

Detailed descriptions of the banded com- 
ponents of many coal seams are available. 
For American coals, the U. S. Bureau of 
Mines has issued a series of publications 
on the carbonizing properties and petro- 
graphic composition of various coals, which 

shall, C. E., ibid., 50, 358-405 (1942). McCabe, 
L. C., ibid., 50, 406-10 (1942). Sprunk, G. C., 
ibid., 50, 411-36 (1942). Dapples, E. C., ibid., 
50, 437-50 (1942). 

io Davis, J. D., Reynolds, D. A., Sprunk, G. C., 
and Holmes, C. R., U. S. Bureau Mines, Tech. 
Paper 630 (1941), 45 pp. 


TABLE II 

Classification of Coal According to Banded Structure 


signation 


r striped 
striated 


Thickness of Bands 

millimeters Remarks 

>2 
2-0.5 

<0.5 Bands not visible to na 
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have been indexed . 11 For English coals, 
pamphlets entitled Physical and Chemi- 
cal Survey oj the National Coal Re- 
sources 12 > 13 are available. Both series of 
publications make use of shading with 
lines and dots to indicate the various 
banded structures in graphic representa- 
tions of coal-seam profiles. 

Excellent photographs showing the 
banded structure of American bituminous 
coals will be found in various TJ. S. Bureau 
of Mines publications. They illustrate the 
natural surfaces of vertical cleavage 
planes 10 or polished surfaces , 14 * 15 and 
some of these references also show photo- 
micrographs of thin sections of the same 
coals. 

Seyler 10 and Turner 17 » 18 have de- 
scribed the petrology of anthracite. 
Bode 19 has also pointed out that all coal 
constituents tend to become bright when 
transformed into high-rank coal. 

TERMINOLOGY FOR COAL COMPONENTS 

The original coal-forming plant materials 
deposited in primeval swamps varied ac- 
cording to the geological period and the 

11 Wilson, J. E., and Daris, J. D., U. S. Bur. 
Mines , Tech. Paper 637 (1942), 10 pp. 

12 Dept. Sci. Ind. Research (Brit.), Fuel Re- 
search Survey Papers, 1922 to date. Check list 
and reports obtainable from H. M. Stationery 
Office, London, York House, Kingsway, W. C. 2. 

is Sinnatt, P. S., Trans. Inst. Mining Engrs. 
(London), 63, 307-17 (1922). 

14 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., and Selvig, W. A., U. S. Bur. 
Mines, Bull. 344 (1931), 107 pp. 

15 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., Selvig, W. A., Reynolds, D. A., 
Jung, F. W., and Sprunk, G. C., U. S. Bur. Mi?ies, 
Tech. Papers 519 (1932), 7S pp., 524 (1932), 60 
pp., 525 (1932), 60 pp., 531 (1932), 44 pp., 542 
(1932), 60 pp., 54S (1933), 52 pp. 

16 Seyler, C. A., Fuel, 2, 217-8 (1923). 

it Turner, H. G., Trans. Am. Inst. Mining Met. 
Engrs., 71, 127-48 (1925). 

is Turner, H. G., Ibid., SS, 627-41 (1930) ; 
Fuel, 11, 254-61 (1932). 

is Bode, H., Eohle u. Em, 29, 320-1 (1932) ; 
Chimie & Indus trie, 29, 551 (1933). 


environment. After deposition they under- 
went a variable biochemical process of 
semirotting, maceration, and elimination 
under the influence of micro-organisms. 
Differences in the resulting unconsolidated 
peat or equivalent deposits are the basic 
cause of differences in coal “types.” Sub- 
sequent alteration of the peat deposits ‘by 
geologic forces acting through millions of 
years has led to differences in “rank.” 

At the present time there is no general 
agreement as to the best way of defining 
coal types. Some prefer to define them in 
terms of the predominant plant compo- 
nents as revealed by microscopic examina- 
tion; others use lithological terms based on 
hand specimens of coal considered as a 
rock, plus physical or chemical tests in 
some cases. Each method has advantages 
and limitations, and in comprehensive 
scientific descriptions of coal deposits all 
these viewpoints now receive attention. 

Several tables which follow show the re- 
lation of the banded constituents of coal 
to various classification problems. These 
tables contain quantitative data selected 
from U. S. Bureau of Mines publications, 
whose nomenclature has therefore been 
followed. Since many different terms have 
been used throughout the world to desig- 
nate the various layers or petrologic con- 
stituents of coal, a partial correlation of 
such terms is presented in Table III for 
the reader's convenience. 

Anthraxylon. The thicker layers of an- 
thraxylon were derived from unclisinte- 
grated wood and bark of plants such as 
stems, branches, and roots, or their frag- 
ments, which were flattened and coalified. 
The thinner bands may reveal almost any 
organ of a plant, more or less well pre- 
served . 3 There may be resinous cell fill- 
ings or inclusions. Anthraxylon represents 
unit plant increments which have been 
preserved in the coal bed, and it is of 
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TABLE III 

Correlation of Terms Designating Petro- 
logic Constituents or Types 

U. S. Bureau of Mines 

Approximate Equivalents 
Vitrinite (collinite if devoid of 
structure, and telinite if struc- 
ture can be shown); vitrain, 
vitrite, Vitrit. 

Fusinite; fusite, Fusit; mineral 
charcoal, mother of coal; 
Faserkohle. 

Groundmass. Attritus is a broad 
term referring to macerated 
plant debris from any source, 
intimately admixed with min- 
eral matter and coalified. It 
predominates in splint, cannel, 
and boghead coals, and may 
be present in large amount in 
bright coals. 

The U. S. Bureau of Mines 
terminology recognizes two dis- 
tinct types of attritus, which 
are designated by the appear- 
ance of thin sections by trans- 
mitted light (for coals of bitu- 
minous or lower rank) : 

Translucent attritus Vitrinite plus exinite plus resinite. 
Opaque attritus Micrinite plus semifusinite plus 
fusinite. 

Bright coal Clarain plus vitrain; clarite plus 

vitrite; Clarit plus Vitrit; hu- 
mic, woody, or xyloid coal; 
common coal; Glanzkohle. 

Splint coal Durain, durite, Durit; micrinite 

plus exinite; hards or dulls; 
Mattkohle or Streifenkohle. 

lower ash content than the attritus with 
which it is associated. 

Since the thicker layers of anthraxylon 
(vitrain) represent a fairly uniform plant 
constituent which can often be isolated in 
quantities sufficient for test purposes, an- 
thraxylon is frequently used for classifica- 
tion purposes as the standard component 
with which to compare the more variable 
attrital layers of the same coal. 

Fusain. Fusain resembles charcoal; it 
may be formed from cells or tissues of any 
kind but is commonly derived from wood. 


All intermediate stages between normal 
coal and typical fusain are found. The 
cause of this state of eoalification is un- 
certain and much debated. 20 * 21 Fusain is 
noncoking and has less volatile matter than 
the remainder of the coal. It occurs to 
the extent of zero to 10 percent by weight, 
being most evident in bituminous coals, in 
which it is typically soft and friable, form- 
ing planes of weakness along which the 
lumps of coal tend to split horizontally. 
Fusain is the black smut in “soft coal.” 
Being porous, it is subject to mineraliza- 
tion by infiltering ground waters, so that 
its hardness and ash content are quite 
variable. 

Fusain is one component which may be 
determined by analytical methods other 
than microscopic estimation. 21 * 22 > 23 

Attritus. Attritus is coalified plant 
debris consisting of the more resistant 
plant matter remaining after the original 
debris has undergone maceration, weather- 
ing, and alteration by micro-organisms. 
Thiessen and Sprunk stated that the follow- 
ing constituents may be recognized: 20 * 24 
(1) translucent cell-wall degradation mat- 
ter or translucent humic matter; (2) 
brown cell-wall degradation matter or 
brown matter; (3) granular opaque mat- 
ter; (4) more highly carbonized matter, 
fusain; (5) resins, tannins ; (6) waxes; (7) 
spore exines, pollen exines, cuticles; (8) 
mineral matter; and (9) algal remains, es- 
pecially in boghead coals. 

20 Thiessen, R., and Sprunk, G. C., U. S. Bur. 
Mines , Tech. Paper 564 (1935), 71 pp. 

21 Davis, J. D., U. 8. Bur. Mines , Information 
Circ. 61X5 (1929), 10 pp. 

22 Fuchs, W., Gauger, A. W.. Hsiao, C. C., and 
Wright, C. C., Penna. State Coll., Mineral Ind. 
Exp. Sta Bull. 23 (1938), 43 pp. Parks, B. 0., 
Land, G. W., and Rees, O. W., Ind. Eng. Chem. 3 
Anal. Ed. f 14, 303-5 (1942). 

23 Fieldner, A. C., and Schmidt, L. D., U. S. 
Bur. Mines , Circ. 7190, 12 (1941). 

24 Thiessen, R., JJ. S. Geol. Survey , Profes- 
sional Paper 132-1, 121 (1925). 


Usage 

Anthraxylon 


Fusain 

Attritus 


Lib B'lore 
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Attritus is therefore a very broad term examined in thin sections by transmitted 
which includes components that are quite light by means of a microscope, 
different in their chemical and physical They used the term “translucent attritus” 
nature. In fact, three of the four principal to indicate item 1 in the above list, that is, 

types of coal are always predominantly translucent cell-wall degradation matter, 

attrital, and many specimens of the fourth which may be thought of as fragmented 

type are attrital. Therefore, qualifying anthraxylon, and also for the quite differ- 

adjectives are necessary to differentiate ent items 5, 6, 7, and 9, but with a further 

between varieties of attritus. Thiessen and qualification as to whether the attritus is 

TABLE IV 

Commonly Recognized Types of Coals Characterized 
According to Their Anthraxylon and Attritus 25 

Relative Amounts 
Type Name of Anthraxylon 

of Coal and Attritus Nature of Attritus Structure of Coal 

Banded coals 

Common Either anthraxylon Translucent humic matter pre- Coarsely, finely, or 

or bright or attritus may dominates unless coal is too far microbanded. 

predominate altered in rank. Spores, resins, Bright luster 

fusain fragments, cuticles, and 
minor amounts of opaque mat- 
ter present. 

Attritus predom- Opaque matter predominating in Finely or micro- 
inating coals or layers of ranks in which banded. Com- 

the attritus is generally trans- pact. Hard. Irreg- 

lucent. Salver-shaped spore ular fracture, 

exines usually abundant. Other Dull luster, 

spores and translucent humic 
matter, resins, and fusains 
present. 

Mostly attritus Humic matter may be translucent Compact, conchoi- 
or opaque. Spore or pollen dal fracture, 
exines frequently predominate. 

Algae may be present in minor 
amounts. 

Boghead Mostly attritus Algae abundant. Spores may be Compact, conehoi- 

present in minor amounts. dal fracture. 


Splint 


Nonbanded coals 
Cannel 


Sprunk used terms based on the color and 
appearance of bituminous coal layers when 

25 Adapted from Am. Soc. Testing Materials , 
Sectional Comm, on Classification Coal , Gen. 
Circ . 41, Sub. Comm. II, Rept. 6, 1933. Fieldner, 
A. C., et al., p. 25 of ref. 14. 


rich in resins, waxes, spores and pollen 
exines, cuticles, or algae. 

“Opaque attritus” includes item 2, the 
brown cell-wall degradation matter which 
characterizes splint coals, and item 3, which 
is prominent in semisplints. “New evi- 
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denee • • • confirms the belief that the 
splint coals were laid down under condi- 
tions especially favorable to the action of 
biological agencies, thus bringing about a 
high degree of decomposition and macera- 
tion of the plant material. The opaque 
matter results from such an advanced state 
of decomposition; and the further the de- 
cay progressed, the more opaque matter 
was formed and the greater its degree of 
opacity /’ 23 

Table IV describes the four commonly 
recognized types of coal according to their 
components, using the U. S. Bureau of 
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Mines terminology which has just been de- 
scribed. 

A semisplint type has also been de- 
scribed , 14 in which anthraxylon and at- 
tritus are present in more or less equal 
proportions and granular opaque matter is 
very prominent. In general, it corresponds 
with coal known to the trade as “block 
coal.” 

After the foregoing brief summary of 
nomenclature, the reader will be prepared 
to examine some of the data regarding 
American coal seams which have been re- 
ported by the U. S. Bureau of Mines. 


TABLE V 

Range of Percentages of Coal Types and Components in Thirty-Nine Seams of U. S. 
Bituminous Coal Examined for Gas-, Coke-, and Byproduct-Making 
Properties, Also Splint Coals 




Types 

Components 


Seam 

State 

Bright 

Semi- 

splint 

Splint 

Can- 

nel 

Anthrax- 

ylon 

Trans- 

lucent 

Attri- 

tus 

Opaque 

Attri- 

tus 

Fusain 

Ref. 

No. 6 

Illinois 

100 




70 

24 

1 

5 

26 

Lower Kittanning 
Upper Kittanning 
Black Creek 

Pennsylvania 

Pennsylvania 

Alabama 

100 




68 

24 

7 

1 

27 

100 




66 

18 

13 

3 

27 

100 




45 

38 


10 

28 

Lower Sunnyside 
No. 2 Gas 

Utah 

100 




30 

61 

6 

3 

29 

West Virginia 
Virginia 

West Virginia 
West Virginia 
Pennsylvania 

50 

45 

5 


41 

44 

12 

3 

30 

Lower Banner 

36 

53 


11 

30 

49 

19 

2 

31 

Dorothy 

Coalburg 

Brookville 

17 

20 

63 

17 

48 

33 

2 

32 

32 

68 


33 

5 

88 

7 






33 









2 g Fieklner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., Selvig, W. A., Reynolds, D. A., 
Jung, F. W., and Sprunk, G. C., U. S. Bur. Mines , 
Tech. Paper 524 (1932), CO pp. 

27 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Selvig, W. A., Reynolds, D. A., and Holmes, C. 
R., ibid. 595 (1939), S3 pp. 

28 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Selvig, W. A., Reynolds, D. A., Jung, F. W., and 
Sprunk, G. 0., ibid. 531 (1932), 44 pp. 

29 Fieldner, A. C., and Davis, J. D., U. 8. Bur. 
Mines , Monograph 5 (1934), 164 pp. 

so Fieldner, A. C., Davis, J. D., Thiessen, R., 


Selvig, W. A., Reynolds, D. A., Jung, F. W., and 
Sprunk, G. C., U. 8. Bur. Mines, Tech. Paper 548 
(1933), 52 pp. 

31 Fieldner, A. C-, Davis, J. D., Reynolds, D. 
A., Brewer, R. E., Sprunk, G. C., and Schmidt, 
L. D., ibid. 616 (1941), 47 pp. 

32 Fieldner, A. C., Davis, J. D., Selvig, W. A., 
Thiessen, R., Reynolds, D. A., Holmes, C. R., and 
Sprunk, G. C., U. 8. Bur. Aimes, Bull. 411 
(1938), 162 pp. 

33 Sprunk, G. C., Ode, W. H., Selvig, W. A., 
and O’Donnell, H. J., TJ. 8. Bur. Mines, Tech. 
Paper 615 (1940). 
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Table V presents the maximum and mini- 
mum percentages of coal types and com- 
ponents which were found in the examina- 
tion of pillar samples from thirty-nine 
seams of bituminous coal which were 
tested for gas-, coke-, and byproduct-mak- 
ing properties. The last two samples are 
from a separate investigation relating to 
splint coals. 

Table V does not include any cannel or 


Correlation of Coal Types with 
Chemical Properties 

The chemical analysis and physical 
properties of the various coal types are 
profoundly affected by the “rank” of coal, 
that is, its degree of coalification, which is 
discussed later in this chapter. White 37 
has presented diagrams to show the change 
in carbon, hydrogen, and oxygen contents 
of humic, cannel, and boghead coals as they 


TABLE VI 


Additional Coals Having High or Low Percentages 
of Petrographic Components 





Components 

Description 

County or Seam 

State 

Anthrax- 

ylon 

Translucent 

Attritus 

Opaque 

Attritus 

Fusain 

Cannel 

Sevier County 

Utah 

t 

4 

92* 

4 

0 

Cannel 

Floyd County 

Kentucky 

0 

51 f 

49 

0 

Subbituminous B 

Monarch Seam 

Wyoming 

76 

20 

i 

3 

1 


* Woody degradation matter predominates, 
t Spores predominate. 


boghead coals, but the percentages of 
petrographic components for nine such 
coals from Kentucky, Ohio, Utah, West 
Virginia, and Virginia have been pub- 
lished . 34 Percentages of components in 
various western United States lignites and 
subbituminous coals are also avail- 
able. 35 ’ 3e These extend the maximum and 
minimum percentages of petrographic 
components, as shown in Table VI. 

34 Fisher, C. H., Sprunk, G. C., Eisner, A., 
Clarke, Ij., Fein, M. L., and Storeh, H. EL, Fuel, 
19, S4-9 (1940). 

3r» Fisher, C. H., Sprunk, G. C., Eisner, A., 
Fein, M. L., and Storeh, H. H., ibid., 19, 186-95 
(1940). 

36 Fieldner, A. C., and Schmidt, L. D., p. 54 
of ref. 23. 


are .transformed from peat through lignite, 
subbituminous, and bituminous coal stages 
to anthracite and graphite. lie considered 
that chemical differentiation persists into 
the “semibituminous” (low-volatile bitumi- 
nous) rank. 

For the present purpose of comparing 
types and components, differences due to 
rank will be avoided as far as possible. 
The simplest assumption is that all the 
banded constituents in a pillar sample of 
coal have been subjected to the same geo- 
logic influences following the peat stage, 
and therefore are of the same rank, geo- 

37 White, D., Trans . Am. Mining Met. 

Engrs., 71, 253-81 (1925). 
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logically speaking. Since the coal types 
and components in a given sample may 
vary considerably, they may not all have 
the same “rank” when compared by chemi- 
cal and physical criteria. 

Variations in the petrographic and 
chemical composition of the layers of a 
single seam of coal are illustrated in Tables 
VII, VIII, and IX, based on face samples 
cut from a mine operating in the Chilton 


sents the petrographic composition inch by 
inch and shows that the above layers vary 
widely within themselves. Thiessen 7 has 
shown that the petrographic constituents 
of this seam vary .much more in chemical 
analysis than the generalized layers of 
Table VII. For example, Table VIII 
shows that pure anthraxylon yielded 34.2 
percent volatile matter and the fusain only 
19.8 percent. The pure opaque attritus 


TABLE VII 

Analysis of Layer Samples of Chilton Seam 38 




i 

i 

Petrographic Composition 

Proximate Analysis, 
Dry Basis 

Layers 

Thickness 
of Layers 

i 

Anthrax- 

ylon 

Attritus 


Volatile 
Matter ! 




Trans- 

lucent 

Opaque 

Fusain 

Ash 


inches 

percent 

percent 

percent 

percent 

percent 

percent 

1. Bright coal 

4.9 

41 

52 

3 

4 



2. Semisplint, com- 

7.9 

21 

56 

18 

5 

35.3 

6.5 

paratively few 
spores 

3. Bright coal 

25.2 

40 

50 

8 

2 

37.5 

3.0 

4. Semisplint, rich 

9.0 

23 

54 

20 

3 

38.7 

3.7 

in spores 

5. Bright coal 

5.4 

47 

44 

8 

1 



6. Gray splint 

10.8 

14 

43 

41 

2 

31.9 

9.7 

Total seam 

63.2 

32 

49 

16 

2.7 

36.8 

5.3 


seam, Logan County, West Virginia. This 
coal seam was divided, on the basis of 
appearance, into six principal layers, as 
shown in Table VII. 

The original reference graphically pre- 

38Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., Selvig, W. A., Reynolds, D. A., 
Jung, F. W., and Sprunk, G. C., U. 8. Bur . Mines , 
Tech. Paper 542 (1932), 60 pp. 


yielded 24.7 percent volatile matter, while 
the spore-rich attritus gave 42.1 percent. 

The entire seam has been classified into 
types and subtypes of coal, 14 as shown in 
Table IX. 

Proximate and ultimate analyses, calo- 
rific values, softening temperatures of ash, 
agglutinating values of mixtures with sand, 
and yields of coke and byproducts are also 
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TABLE VIII TABLE X 

Analysis of Petrographic Constituents of Chemical Analysis of Resins and Spores 
Chilton Seam 7 Isolated from Coal 33 


Sample 

Dry, Ash-Free 
Basis 

As Received 
Basis 

Volatile 

Matter 

Hydro- 

gen 

Ash 


percent 

percent 

percent 

Pure anthraxylon 

34.2 

5.4 

2.2 

Pure opaque attritus 

24.7 ' 

4.5 

9.1 

Spore-rich attritus 

42.1 

5.9 

2.8 

Fusain 

19.8 

4.0 

8.6 

Total pillar section 

39.4 

5.7 

4.4 


TABLE IX 

Type and Subtype Coals in the Chilton 
Seam 38 


Type 

Percent 

Bright coal 

56 

Semisplint 

27 

Splint 

17 

Subtype 

Attrital coal (more than 75 percent 
attritus) 

44 

Attrital-anthraxylous (50 to 75 per- 
cent attritus) 

56 

Anthraxylous-attrital (50 to 75 per- 
cent anthraxylon) 

0 

Anthraxylous (more than 75 percent 
anthraxylon) 

0 


available for the total coal and for layers 
2, 3, 4, and 6 shown in Table VII. 

The great effect of resins and spores on 
the chemical analysis of coals is indicated 
by Table X. 

If a splint coal has few or no spores, 
it usually will have 3 to 15 percent less 
volatile matter than the accompanying 
bright coal, but the presence of a substan- 
tial proportion of spores tends to offset or 
reverse this low volatile-matter yield of 
the typical splint-forming constituents. 


Analysis on Dry Basis 



Volatile 

Hydro- 

Ash 

Btu per 


Matter 

gen 

Pound 


percent 

percent 

percent 


Resins from coal at 





Merritt, British 
Columbia 

94.3 

10.1 

1.8 

16,950 

Spores from coal at 





Williamston, Mich. 

68.9 

6.9 

10.0 

13,820 


A comparison has been made of the 
chemical analyses and low-temperature 
carbonization products of bright and splint 
coal from each of seventeen seams of bitu- 
minous coal obtained in West Virginia, 
Kentucky, Virginia, and Alabama. 33 It 
was concluded that: 

In all instances the splint coals have a 
higher carbon content than the bright coals 
of the same beds, and generally they have 
a higher ash content, higher ash-fusion tem- 
perature, and higher calorific value. On the 
other hand, the bright coals generally have 
the highest moisture, hydrogen, nitrogen, 
and oxygen values. 

The yield of low-temperature carboniza- 
tion products was determined by the 
Fischer assay method: 

On the dry, mineral-matter-free coal basis, 
each of the splint coals gave a smaller yield 
of water of decomposition and in every in- 
stance but one a smaller yield of gas than 
does its associated bright coal. The yield 
of coke and of tar and oil of splint coal may 
be higher or lower than bright coal depend- 
ing on the analyses of the coals. Likewise 
the calorific value of the gas may vary in 
either direction, but the Btu of the gas per 
pound of coal carbonized is nearly always 
less for the splint coals. Except for the 
coals of higher oxygen content, the coke 
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residue from the bright coals is considerably 
more swollen and cellular than from the 
splint coals. • • • With the exception of the 
Millers Creek coal, the agglutinating value 
of the splint coals tested is always less than 
that of the associated bright coal. 

The same reference presents graphic 
studies of the suggestions of Fisher 39 and 
Seyler 40 that there is a relationship be- 
tween the petrographic composition, vola- 
tile matter, and carbon-to-hydrogen ratio 
of coals. It was concluded that: 

• • • in most cases either Seyler’s volatile 
displacement or Fisher’s hydrogen-carbon 
ratio can be used to distinguish between 
bright and splint coals; but, inasmuch as so 
many of the coal beds are mixtures, it prob- 
ably would be very difficult to identify, by 
either method, the type of coal from ulti- 
mate and proximate analyses of face or seam 
samples. 

Seyler’s paper should be studied by any- 
one who is interested in this subject. 

The references already cited show that 
it is possible to describe coals systemati- 
cally in terms of their structure. How- 
ever, the quantitative classification of coals 
into types, subtypes, and petrographic 
constituents by macroscopic and micro- 
scopic examination of face samples re- 
quires very specialized knowledge and tech- 
nique. After the mass of information 
needed for such classification has been ob- 
tained, it is still necessary, for practical 
purposes, to determine various chemical 
and physical properties of the coals. 

Coal petrography has been of invalu- 
able service in providing a scientific ex- 
planation of differences which may exist 
in coals of similar average chemical com- 
position. However, it has not yet been 

39 Fisher, C. H., Ind. Eng. Ghent Anal. Ed., 
10 , 374-8 (1938). 

40 Seyler, C. A., Colliery Guardian, 155, 990-4, 
1046-8, 1087-9, 1137-9, 1231-3 (1937) ; Proc. 
8. Wales Inst. Engrs., 53, 254-327, 396-407 
(1938) ; Fuel, 17, 177-86, 200-9, 235-42 (1938). 


found practical to base a commercial sys- 
tem of coal classification on coal structure 
as revealed by the microscope. A satis- 
factory quantitative method is needed for 
use on commercial shipments, as distinct 
from the examination of column samples 
cut from the coal seam. 

Beginning in 1932, an American Society 
for Testing Materials subcommittee con- 
sisting of coal geologists and chemists at- 
tempted to develop a set of recommenda- 
tions for the type classification of coal. 
After four years of meetings and corre- 
spondence, the subcommittee reported 41 
that the present state of knowledge did not 
permit the preparation of A.S.T.M. speci- 
fications or definitions covering types of 
coal based on origin. 

Since it was desirable for commercial 
purposes to have definitions of coal vari- 
eties other than those of rank and grade, 
another committee prepared the following 
definitions, 42 which were adopted as stand- 
ard in 1939. 

Standard Definitions for Commercial Va- 
rieties of Bituminous and Subbitumi- 
nous Coals 

A.S.T.M. Designation: D493-39 

Common Banded Coal. The common va- 
riety of bituminous and subbituminous coal. 
It consists of a sequence of irregularly alter- 
nating layers or lenses of (1) homogeneous 
black material having a brilliant vitreous 
luster, (2) grayish black, less brilliant, stri- 
ated material usually of silky luster, and (3) 
generally thinner bands or lenses of soft, 
powdery, and fibrous particles of mineral 
charcoal. The difference in luster of the 
bands is greater in bituminous than in sub- 
bituminous coal. 

Splint Coal. A variety of bituminous or 
subbituminous coal, commonly having a dull 
luster and grayish black color, of compact 
structure, often containing a few thin irregu- 

41 Am. Soc. Testing Materials , Sectional Comm, 
on Classification Coal, Gen. Giro. 59, p. 1, 1936. 

42 Am. Soc. Testing Materials, Standards , Pt. 
Ill, p. 58, 1939. 
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iar bands with vitreous luster. When struck, 
it is resonant. It is hard and tough and 
breaks with an irregular, rough, sometimes 
splintery fracture. It' is free burning and 
does not swell on heating. 

Cannel Coal. A variety of bituminous or 
subbituminous coal of uniform and compact 
fine-grained texture with a general absence 
of banded structure. It is dark gray to 
black in color, has a greasy luster, and is 
noticeably of conchoidal or shell-like frac- 
ture. It is noncaking, yields a high percent- 
age of volatile matter, ignites easily, and 
bums with a luminous, smoky flame. 

Boghead Coal. A variety of bituminous 
or subbituminous coal resembling cannel 
coal in appearance and behavior during com- 
bustion. It is characterized by a high per- 
centage of algal remains and volatile matter. 
Upon distillation it gives exceptionally high 
yields of tar and oil. 

Equivalent differences exist in the plant 
constituents from which lignitic and an- 
thracitic coals were derived, but there is 
less need for commercial definitions of such 
varieties in the United States at the pres- 
ent time. A German industry has been 
built upon the recovery of products from 
certain “brown coals/' which are canneloid 
coals of lignitic rank. In anthracite, the 
various layers and petrologic constituents 
have been so greatly altered by devolatili- 
zation, pressure, etc., that the remaining 
differences are much less apparent, and of 
less practical importance, than in bitumi- 
nous coal. 

White 43 has suggested a plan of classi- 
fication which provides for coals of each 
type, in several ranks beginning with peat. 

The commercial varieties of bituminous 
and subbituminous coal which are defined 
above represent types, since they result 
from differences in the proportion of the 
original plant constituents and their bio- 
chemical alteration products. It is not 
hard to identify typical samples of co mm on 

43 White, D., Trans. Am. Inst. Mining Met. 
Engrs.j 88, 517-26 (1930). 


banded, splint, or cannel coals, but it must 
be remembered that commercial coals are 
often of intermediate and mixed character 
and thus harder to classify. 

Common Banded Coal. As indicated in 
Tables IV and V, common banded or 
bright coals may be high in either an- 
thraxylon or translucent attritus, and their 
properties will vary accordingly. The fol- 
lowing classes have been recognized, ac- 
cording to the predominant plant remains: 
humic, spore, resinous, cuticle, leaf, and 
bark coals . 20 

Splint and Semisplint Coals. These are 
predominantly attrital coals, being charac- 
terized by opaque or semiopaque attritus 
in coals of bituminous rank. They like- 
wise vary considerably according to the 
percentage of different plant constituents 
which are present. 20 * 33 - 44 

Cannel Coal. Ashley 45 has described 
the occurrence and general characteristics 
of the cannel coals of the United States. 
At present there is no comprehensive pub- 
lication on the petrologic nature of the 
cannel coals of this country, but they are 
known to be extremely variable. White 
and Thiessen 46 have discussed canneloid 
coals of lignitic, subbituminous, and bitu- 
minous ranks from several United States 
localities. A paper by U. S. Bureau of 
Mines authors 34 gives the proximate, ulti- 
mate, and petrographic analyses of nine- 
teen samples used for hydrogenation tests, 
of which seven were designated as cannels 
and two as intermediate between cannel 
and boghead coal. Cannels which ' are 
similar in physical properties may vary 
considerably in chemical properties, de- 

44 Thiessen, R., ibid., 88, 644-71 (1930). 

Stopes, M. C., and Wheeler, R. V., Fuel, 3, 439- 
52 (1924). Stopes, M. C., ibid., 14, 4-13 (1935). 

45 Ashley, G. H., U. 8 . Geol. Survey, Bull. 659 
(1918), 127 pp. 

46 White, D., and Thiessen, R., XT. 8. Bur. 
Mines, Bull. 38 (1918), 390 pp. 
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pending upon whether they are the spore 
or woody varieties of cannel. 

Bode 47 has discussed methods for dis- 
tinguishing between cannel and the more 
highly coalified pseudocannel coals, also 
bogheads and bituminous shales. 

Boghead Coal. Thiessen has discussed 
the origin of boghead or algal coals, mostly 
with reference to foreign samples. How- 
ever, mention is made of coals of this 
type from Kentucky, Pennsylvania, and 
Alaska. 24 Stadnikoff has presented con- 
siderable data on the properties of tar 
fractions from Siberian bogheads, also the 
nature of extracts and hydrogenation prod- 
ucts. 48 He distinguished bogheads from 
other bituminous coals by the boghead’s 
very great yield of low-temperature tar 
which is almost free from phenols (1 or 2 
percent), and the small amount of bitumen 
extractable with solvents. In comparison, 
humic bituminous coals give a low-tem- 
perature tar which is very rich in phenols, 
and a relatively large yield of bitumen by 
extraction. Karavaev 49 has also pre- 
sented data on the behavior of boghead 
coal towards solvents and reagents, and 
the distillation yields and properties of 
tar fractions. 

COMMERCIAL AVAILABILITY OF COAL TYPES 

Many coal seams consist predominantly 
of a single one of the coal types which 
have been described. In other seams, the 
upper and lower parts may be sufficiently 
different in type and grade or purity to 
justify loading the two parts of the seam 
separately and selling them for different 
uses. Common or bright coals are by far 
the most abundant, but splint and semi- 
splint or block coals have well-established 

47 Bode, H., Gliiclcauf, 67, 1245-51 (1931). 

48 Stadnikoff, G. L., Proc. 2nd Intern. Conf. 
Bituminous Coal, 1, 608-24, 625-31 (1928). 

49 Karavaev, N. M., Fuel, 13, 299-310 (1934). 


markets. The tonnage production of can- 
nel and boghead coals in the United States 
is small. 

Many of the commercially important 
coal seams of the United States contain a 
mixture of two or more coal types. When 
bituminous coal is screened into sizes, 
there is often an appreciable concentration 
of types in the various portions. For ex- 
ample, splint and cannel layers are tough 
and tend to remain in the largest sizes. 
Bright coal, especially the anthraxylon or 
vitrain, is more brittle and tends to be 
fractured in the bed even before mining, 
so that it is found especially in the inter- 
mediate sizes. The fusain or mineral char- 
coal, which rubs off in handling, tends to 
concentrate in the dust. McCabe, Konzo, 
and Rees 50 prepared high-vitrain, high- 
clarain, and high-durain samples for stoker 
tests, from the %6“^ nc ^ by ^ mesh, 3-inch 
by 2-inch, and the 6-inch by 3-inch frac- 
tions respectively, produced at an Illinois 
coal mine. 

Selective mining, handpicking, screening, 
special crushing, gravity or froth flotation, 
hydrogenation, and other methods may be 
used to produce coal fractions which are 
richer than the average in particular con- 
stituents. None of these methods are very 
efficient for the separation of coal con- 
stituents, and they are seldom used com- 
mercially for the specific purpose of sepa- 
rating coal types or components. How- 
ever, the products of such treatments may 
differ usefully from each other, and from 
the original mixture, because of partial 
separation of the banded constituents. For 
example, it has been reported that the 
fines obtained by dedusting a high-volatile 
Illinois bituminous coal are sufficiently 

so McCabe, L. C., Konzo, S., and Rees, 0. W., 
Illinois State Geol. Survey, Rept. Investigations 
78 (1942), 14 pp. 
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high in fusain to produce a “commercially 
smokeless” briquet. 51 

Lehmann and Hoffmann 52 proposed the 
controlled crushing of coal by elastic per- 
cussion in a beater mill to concentrate the 
dull coal in the coarse granules, the bright 
coal in the intermediate size, and the 
fusain in the dust. Fieldner and Rice 53 
reported quantitative figures on the energy 
required to pulverize the four constituents 
of an Illinois coal to minus 150 mesh. The 
energy ranged from 1.8 horsepower-hours 
per ton for fusain to 13.6 for durain. 

Lehmann and Hoffmann 52 determined 
the percentage of each type of coal in the 
various granulated sizes by embedding the 
coal in a cementing medium, polishing the 
specimen, and examining by reflected light. 
The petrographic details of grain forma- 
tion, reflecting properties, color, and relief 
were used to identify the constituents and 
to estimate the proportion of each. Kiihl- 
wein and Demann have discussed indus- 
trial experiences and fundamental difficul- 
ties in the petrographical analysis of pul- 
verized coal. 54 

Small-scale hydrogenation tests on the 
banded constituents of coals have shown 
that these constituents vary considerably 
in ease of liquefaction. 33 In coals contain- 
ing less than 89 percent carbon on the dry, 
ash-free basis, the easily liquefiable constit- 
uents included anthraxylon and all or- 
ganic constituents of the translucent attri- 
tus, such as woody degradation matter, 
leaves, spores, pollens, cuticles, resins, and 
algae. Under specified hydrogenation con- 
ditions, the average liquefaction yield from 

51 Fieldner, A. C., Mining and Met., 23, 103—4 
(1942). 

52 Lehmann, K., and Hoffmann, E., Brennstoff - 
Chem 13, 21-9 (1932) ; Fuel, 13, 271-8 (1934). 

53 Fieldner, A. C., and Rice, W. E., U. 8. Bur. 
Mines, Information Circ. 7143 (1941), 50 pp. 

54 Kiihlwein, F. L., GlucJcauf, 07, 1124-6 
(1931). Demann, W., ibid., 67, 1128-9 (1931). 


12 splint samples was 39 to 79 percent, 
and the yield from 7 samples of fusain was 
only 15 to 27 percent. 

Classification by Ranic 

The rank of coal is its stage of coalifica- 
tion in the series peat, lignite, subbitumi- 
nous coal, bituminous coal, and anthracite. 
The generally accepted theory, which origi- 
nated with von Beroldingen 55 in 1778, is 
that the various ranks of common coal have 
resulted from peat deposits which were cov- 
ered with layers of sedimentary rock and 
have been coalified to varying degrees by 
tremendous pressures acting through long 
periods of time, supplemented by the effect 
of moderate heat in coals of the highest 
ranks. 

EFFECT OF COAL TYPE ON RANK 
CLASSIFICATION 

Many methods have been proposed for 
determining the rank of coals, and the exact 
definition of rank will therefore depend on 
the criteria selected. Regardless of what 
chemical or physical factors are used, dif- 
ferences will be found when examining the 
banded constituents of a single sample, due 
to differences in plant residues when the 
dynamochemical process of coalification be- 
gan. Thus it was seen in Table VIII that 
the petrographic constituents of a certain 
seam gave volatile-matter yields ranging 
from 19.8 to 42.1 percent. These constit- 
uents, when isolated, would fall into differ- 
ent ranks by almost any system of classi- 
fication, in spite of the fact that presumably 
they have all been subjected to similar 
pressure and temperature conditions during 
coalification. 

This apparent paradox is merely a mat- 

55 Von Beroldingen, F., Beobachtungen , Zweifel 
und Fragen, die Miner alogie iiberhaupt und ins - 
besondere ein naturliches Mineral System betref - 
fend, Hannover, 1st ed., 1778, 203 pp. ; 2nd ed 
1792, Vol. I. 
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ter of definition. For practical purposes 
it is sufficient to consider the properties of 
coals as they now exist, without reference 
to theories concerning their formation. 
Practical classification is based on the 
average properties of coals as they are 
produced or used. If the coal from a 
given seam is separated in practice into 
two or more portions which vary in nature, 
it is not only permissible but even neces- 
sary to classify them separately. Thus, 
in the practical sense, the rank of a coal 
is determined and defined by whatever cri- 
teria are arbitrarily used for classification, 
and the geological concept of rank serves 
merely as a useful generalization. 

Rose 56 in discussing the classification of 
coals by ultimate analysis, in 1930, pointed 
out that the composite nature of coal adds 
to the difficulty but usually does not pre- 
vent satisfactory coal classification on a 
chemical basis. 

For scientific purposes, when it is de- 
sired to compare accurately the degree of 
coalification of various coals, the proper- 
ties of the anthraxylon (vitrain) may be 
determined and compared as a measure of 
rank. Most coals except cannel and bog- 
head contain layers of this constituent 
which can be separated in fairly pure con- 
dition in quantities sufficient for analysis. 
Being derived from woody tissue, it fur- 
nishes a fairly consistent and definite con- 
stituent in most coals, as compared with 
the extremely variable attrital matter. 

Francis 57 preferred to use vitrain for 
determining the rank of coal by oxidiz- 
ability of the coal ulmins. Seyler 40 stated, 
“ • • • for the present we can only judge 
the rank of a coal accurately from the 

56 Rose, H. J., Trans. Am. Inst. Mining Met. 
Engrs., 88, 411-4 (1930). 

57 Francis, W., J. Inst. Fuel, 6, 301-13 
(1933). 


vitrain associated with it.” McCabe 58 has 
used vitrain in a study of physical proper- 
ties of fifteen samples of bituminous and 
subbituminous coals and lignite. Fisher 
and coworkers, 59 who have studied the 
hydrogenation of anthraxylon (vitrain) 
from peat, brown coal, lignite, subbitumi- 
nous coal, bituminous coal, and anthracite, 
have presented a graph showing that there 
is a linear relationship between carbon and 
oxygen for anthraxylon from all these coals 
as well as for wood and cotton. In other 
words, this petrographic constituent has a 
fairly definite composition at each carbon 
content (rank). 

PROGRESSIVE COALIFICATION 

The geological age of a coal deposit does 
not determine the rank of the coal. For 
example, some coals of the Carboniferous 
Age have never been subjected to much 
pressure or temperature and are still of 
lignitic rank, whereas much younger de- 
posits of the Tertiary Age have been 
locally altered into bituminous coal or even 
anthracite. 

The causes and effects of the geological 
alteration of coal to higher ranks have 
long interested geologists and chemists in 
many countries, and there is an extensive 
literature on this subject. 

White, 37 in discussing the progressive 
regional carbonization of coal, presented 
diagrams showing the change in carbon, 
hydrogen, and oxygen contents, beginning 
with the source materials of coals and end- 
ing with anthracite and graphite. Sepa- 
rate curves were given for common (xyloid 
or woody) coal, cannels, and algal or bog- 
head coals. He considered that the chemi- 
cal composition of these types converges 

58 McCabe, L. C., Fuel, 16, 267-80, 309-16 

(1937). i 

59 Fisher, C. H., Sprunk, G. C., Eisner, A., 
Clarke, L., Fein, M. L., and Storch, H. H., Hid., 
19, 132-8, 162-72 (1940). 
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in the low-volatile bituminous rank.. 
Briggs 60 lias graphed analyses showing the 
development in rank of a variety of car- 
bonaceous materials including not only the 
several types of coals but also coal con- 
stituents. 

Campbell 61 has presented a general dis- 
cussion of characteristic stages which can 
be recognized in the metamorphism of 
coal, six of which occur before there is any 
appreciable alteration in the associated 
rocks. Stadnichenko 62 has compared the 
proximate and ultimate analyses and 
petrographic composition of a series of 
bituminous coal samples from the Lower 
Kittanning Seam in western Pennsylvania, 
ranging from 58.6 to 84.7 percent fixed car- 
bon. This bed passes horizontally, almost 
without folding, from one side to the other 
of a great syncline, where no effect from 
igneous intrusions is known to exist. The 
author concluded that the thrust pressure 
theory furnishes the only satisfactory ex- 
planation of the changes in rank of this 
coal bed. 

McFarlane and Dapples have discussed 
the effect of igneous metamorphism on 
low-rank bituminous or subbituminous 
coals which have been altered locally to 
semianthracite, anthracite, or natural 
coke in two different areas of Colorado. 63 
These papers contain information on the 
effect of thickness of the igneous intrusion 
and distance from the coal seams upon the 
degree of alteration as shown by proximate 
analyses and specific gravity. Estimates 
were made of the temperatures which were 
reached in the various samples. Dapples’s 
paper used the A.S.T.M. coal classification 

eo Briggs, H., Proc. Roy. Soc. Edinburgh , 52, 
Pt. 2, 195-9 (1932). 

61 Campbell, M. R., Econ. Geol.j 25, 675-96 
(1930). 

62 Stadnichenko, T., ibid., 29, 511-43 (1934). 

63 McFarlane, G. C., Econ. Geol., 24, 1-14 
(1929). Dapples, E. C., ibid., 34, 369-98 (1939). 


terminology, and it contains information 
on petrographic constituents. Dapples re- 
viewed many theories of coal metamor- 
phism resulting from heat and pressure, with 
references to the original papers. He con- 
cluded that both temperatures from 300 to 
350° C and pressures of the order of 1,400 
to 2,800 atmospheres are necessary for 
anthracitization. He believed that, where 
heat is not available from igneous sources, 
it has been derived from frictional heat 
resulting from shearing due to countless 
small movements. 

Kreulen 64 has discussed the analysis and 
calorific value of samples from a deposit 
which ranges from lignite to natural coke. 

MANY CRITERIA PROPOSED FOR RANK 
CLASSIFICATION 

It has been shown by many investi- 
gators that there is persistent microstruc- 
ture in the series peat to anthracite, as 
well as a continuous transition in chemical 
and physical properties. Almost any one 
of these properties, or any combination of 
them, can be used for classifying coals ac- 
cording to rank, but certain ones are more 
satisfactory and practical than others. 

The best-known systems of classification 
according to rank are based either on 
proximate analysis (volatile matter or fixed 
carbon) and calorific value, or on ultimate 
analysis (carbon, hydrogen, and oxygen). 
As will be shown later, a good degree of 
correlation can be established between 
these two methods, and the best system is 
largely a matter of expediency. 

A great many systems of classification 
based on these factors have been proposed, 
many of which have been subject to later 
revision by their authors or others, and 
most of them have become obsolete or sur- 
vive only in much altered form. A com- 

64 Kreulen, D. J. W., Chem. Weekblad, 30, 
387-91 (1933). 
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prehensive history of the progress of coal 
classification during the past hundred 
years would hardly justify the space re- 
quired for presentation. 

Classification by Ultimate Analysis 

The ultimate analysis has appeared to 
many chemists to be the most fundamental 
and therefore the most desirable basis for 
classifying coals. Six items are included 
in the conventional analysis, namely: car- 
bon, hydrogen, oxygen, nitrogen, sulfur, 
and ash. The usual objective is to obtain 
the ultimate analysis of the “pure coal sub- 
stance, free of variable mineral impuri- 
ties (termed “ash” after ignition) and 
moisture. For classification purposes, ulti- 
mate analyses are usually calculated to the 
dry, ash-free basis before use, and sulfur 
and nitrogen may also be eliminated. 
Such recalculated analyses do not approxi- 
mate the analysis of pure coal substance 
as closely as was formerly supposed, for 
reasons which will be discussed later. 
Oxygen is nearly always determined by dif- 
ference and is therefore subject to the 
summation of errors of the other five con- 
stituents. In some analyses oxygen and 
nitrogen have been estimated jointly by 
difference. 

As early as 1826, Karsten 65 had classi- 
fied bituminous coals on the appearance 
of the coke residue, and he attributed spe- 
cial significance to the ratio of hydrogen 
to oxygen in relation to coking power. 

Regnault-Gruner Classification. The 
first fairly accurate ultimate analyses of 
coals were made by Regnault, 66 ’ 67 who in 
1837 published the ultimate analyses of 
coals of various ranks from many parts of 

65 Karsten, C. J. B., Karsten’ s Archiv B erg- 
law, 12, 3-244 (1826). 

66 Regnault, V., Ann. chim. phys., [2] 66, 337- 
65 (1837). 

67 Regnault, V., Ann. mines, [3] 12, 161-240 
(1837). 


the world. The primary arrangement of 
coals in his tables was according to geo- 
logical eras and the relative position of 
seams in the coal-bearing strata. The 
identifying names used included the fol- 
lowing : 

Anthracites. 

Houilles grasses et dures (coals fat and 
hard) . 

Houilles grasses marechales (fat smithing). 

Houilles grasses a longue flamme (fat long 
flame). 

Houilles seches a longue flamme (dry long 
flame). 

Jayet (jet). 

Lignite parfait. 

Lignite imparfait. 

Charbon roux (brown coal). 

Tourbe (peat). 

Bois (wood). 

Regnault’s tables gave carbon, hydrogen, 
and oxygen plus nitrogen, both as deter- 
mined and as calculated to the ash-free 
basis, the nature of the coke obtained and 
its yield on the ash-free basis (i.e., fixed 
carbon), also the density of the various 
coals. 

From his studies, Regnault concluded 
that coals of similar qualities had similar 
ultimate analyses, and he decided that the 
percentage of oxygen plus nitrogen was a 
good indication of their nature. Although 
Regnault presented the analyses of various 
coals of each rank, definite limits for the 
groups were not set up until nearly forty 
years later by L. Gruner, 6S who gave a 
table of ultimate analysis limits for bitu- 
minous coals, and who ended his paper 
with a table summarizing volatile matter, 
fixed carbon, coke quality, and calorific- 
value limits for the same classes. In 1911, 
E. Gruner and Bousquet 69 quoted the 
same numerical values (except for typo- 

68 Gruner, L., Ann. mines , [7] 4, 169-207 
(1874) [1873]. 

69 Gruner, E., and Bousquet, G., p. 16 of ref. 5. 
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graphical errors) in a book published by 
the central committee of French collieries. 
These authors stated that the classification 
of coal is based on the proportion of vola- 
tile matter and the nature of coke, and the 
ultimate analysis limits were cited but 
given a secondary position. These limits 
are given in Table XI and have been 
shown graphically by Rose. 56 


Seyler’s Classification. Seyler 72 » 73 pub- 
lished what has developed into the out- 
standing system of classification based on 
ultimate analysis. This originated princi- 
pally from a consideration of the coals of 
South Wales, but in 1924 Seyler 74 pub- 
lished his classification with a large num- 
ber of British and European coal analyses 
as supporting data. The percentages of 


TABLE XI 


Ultimate Analysis Limits according to Gruner 

AND BOUSQUET 1 




Oxygen 

Ratio 




and 

O + N 

Class or Type of Coal 

Carbon 

Hydrogen 

Nitrogen 

H 


percent 

percent 

percent 


1. Houilles seches a longue fiamme 

75-80 

5. 5-4. 5 

19.5-15.5 

Between 4 and 3 

2. Houilles grasses a longue fiamme 

80-85 

5. 8-5.0 

14.2-10.0 

Between 3 and 2 

3. Houilles grasses proprement dites 

84-89 

5. 0-5. 5 

11.0-5.5 

Between 2 and 1 

4. Houilles grasses a courte fiamme 

88-91 

5. 5-4. 5 

6. 5-4. 5 

About 1 

5. Houilles maigres ou anthraciteuses 

90-93 

4. 5-4.0 

5. 5-3.0 

Less than 1 

6. Anthracites 

93-95 

4. 0-2.0 

3.0 

1-0.5 


German Use of Ultimate Analysis. 
Stein 70 in 1857 concluded that ultimate 
analysis taught nothing as to the true 
value of coal, but the analyses which he 
used appear to have been erroneous. His 
pupil Fleck 71 attempted a classification 
based on what he called the available hy- 
drogen, that is, the hydrogen in excess of 
the amount required to combine with all 
the oxygen in the coal. The available- 
hydrogen concept does not represent the 
facts and has long been a lm ost obsolete. 
However, the idea has been extensively 
cited, and modern authors sometimes show 
“available hydrogen” in tables or graphs 
for comparison with other data. 

70 Stein, W., Berg- u. huttenmdnn. Ztg 16, 
382-5, 399-400 (1857). 

71 Geinitz, H. B., Fleck, H., and Hartig, E., 
uler die SteinJcohlen Deutschlands , Oldenbourg, 
Munich, 1865, Vol. 2, 428 pp. Fleck, H., Dinglers 
Poly tech. J. s ISO, 460-71 (1866), 181, 48-57, 
267-83 (1866), 195, 430-48 (1870). 


carbon, hydrogen, and oxygen plus nitro- 
gen on the dry, ash- and sulfur-free basis 
were included, together with the volatile 
matter. Frequently, comments were made 
on the bitumen index, caking properties, 
coke quality, or industrial uses of the 
samples. 

Seyler pointed out in his original paper 
that coals of the same carbon content may 
have high, normal, or low hydrogen con- 
tents, so that long-, normal-, and short- 
flame coals are not confined to the carbon 
limits stated by Gruner. 

Seyler’s classification is presented in 
summarized form in Table XII, in which 
the lowest-rank coals are at the right and 
highest-rank coals are at the left. The 

72 Seyler, C. A., Proc. S. Wales Inst. Engrs., 
21, 483-526 (1899), 22, 112-20 (1900). 

73 Seyler, C. A., Colliery Guardian , 80, 17-9, 
80-2, 134-6 (1900). 

74 Seyler, C. A., Fuel, 3, 15-26, 41-9, 79-83 
(1924). 
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classification is based on carbon and hydro- 
gen percentages. The nomenclature is in- 
tended to be systematic and descriptive; 
it seems formidable at first acquaintance 
and is confusing in several respects until 
one has considerable familiarity with the 
system. 

It will be seen from Table XII that 
coals are classified according to their car- 
bon content into seven vertical columns, 
which Seyler calls “carbon planes” and 
which have a range from 2 to 5 percent 
in carbon content. The horizontal divi- 
sions represent “hydrogen planes” or 
genera having similar but not identical 
hydrogen limits at different carbon con- 
tents. The range of hydrogen percentage 
is small in these genera, being as low as 
0.25 percent in one genus. The intersec- 
tions of the carbon and hydrogen limits 
produce a series of areas containing simi- 
lar coals, known as “species.” 

In each vertical carbon column, one or 
two species is considered to represent the 
normal coal of that carbon content, and 
is shown in the table in small capitals. 
These coals may be distinguished by the 
prefix “ortho,” meaning true, typical, or 
normal. Coals in the same column with 
more hydrogen are called “per-hydrous,” 
which may be shortened to the prefix 
“per,” and coals with less hydrogen are 
“sub-hydrous,” which is shortened to the 
prefix “sub.” Since there may be as many 
as three species in the same carbon range 
with less than normal hydrogen content, 
the prefix “sub” is not sufficient, and the 
less typical species are further identified 
by the prefix “pseudo” combined with the 
name of an adjoining carbon classification. 

For high-rank coals of higher than nor- 
mal hydrogen content, the prefix “semi” or 
“pseudo” is used in connection with the 
name of an adjoining species. It should 
be pointed out that Seyler’s use of the 


term “subbituminous” to mean coal of 
lower than normal hydrogen and volatile 
matter is quite different from American 
usage for this term, which will be defined 
later. 

The confusing aspect of Seyler’s nomen- 
clature is partly due to the multiplicity of 
terms, to the exceptions in his method of 
assigning names, and to the fact that the 
prefixes “ortho” and “pseudo” are each 
used to indicate deviations from the nor-' 
mal in two different directions. This re- 
quires a double set of names, and multiple 
prefixes, for most of the nontypical coals, 
the designations sometimes running as high 
as fourteen syllables. His normal or com- 
mon “species” have shorter names. Sey- 
ler 75 pointed out the possibility of desig- 
nating coals simply by their carbon and 
hydrogen percentage, like locating geo- 
graphical points by stating latitude and 
longitude. He also made extensive use of 
the carbon-to-hydrogen ratio. 

Seyler’s classification, together with the 
large amount of supplementary informa- 
tion which he has published on the corre- 
lation of ultimate analyses with petrologic 
constituents, volatile matter, calorific value, 
caking and combustion properties, etc., has 
been a most valuable contribution to the 
scientific classification of coal. The classi- 
fication of the lowest-rank coals, with 
which Seyler has had little familiarity, is 
inadequate. The classification of anthra- 
cite as shown in Table XII is also inade- 
quate, but Seyler has further classified the 
anthracites of South Wales. 76 He does not 
provide for the hard, low-volatile anthra- 
cites which are produced in large tonnages 
elsewhere. 

The Midland Coke Research Commit- 

75 Seyler, C. A., Proc. 8. Wales Inst. Slngrs., 
47, 557-92 (1931). 

76 Davies, D. F., ibid., 48, 4-39 (1932). 



TABLE XII 

Seyleu’s Classification 74 

Analyses calculated to the dry, ash- and sulfur-free basi 


i 


CLASSIFICATION OF COAL 



hydrogen ; C = carbon : V.M. = volatile matter. 



AMERICAN USE OF ULTIMATE ANALYSIS 


45 


tee, 77 after a study of the classification of 
coals for coke making, concluded that: 

• • • Seyler’s classification of coal requires re- 
consideration, not only in the limits given for 
different types but, in particular, to extend 
the lower limit of the range of bituminous 
coals from 84 to 80 per cent, carbon. 

Seyler’s conception of coal species of 
higher or lower than normal hydrogen con- 
tent was originally empirical, representing 
observed differences in general type, but 
he has since correlated them with petro- 
logic composition, 40 with graphs correlat- 
ing the percentages of hydrogen, carbon, 
and volatile matter in vitrain (anthraxy- 
lon) of various ranks. Bright coals rich in 
this constituent have the normal hydrogen 
content for each rank. By the U. S. Bu- 
reau of Mines terminology described ear- 
lier in this chapter, the coals of higher 
hydrogen content are rich in material de- 
rived from resins, waxes, spore and pollen 
exines, cuticles, or algae, while the lower- 
hydrogen coals of the same carbon content 
are rich in fusain or opaque attritus. 

Kent 78 has described certain low-hydro- 
gen coals of subbituminous or lignitic rank 
from Western Australia. The characteris- 
tics of these coals were attributed to an 
unusually high percentage of fusain, which, 
however, was not estimated. 

In 1928, Seyler 79 » 80 presented the case 
for classification of coal by ultimate analy- 
sis as compared with proximate analysis 
and Btu. A graph correlates his classifica- 
tion with those of Parr 81 and Ralston, 82 

77 Anon., Fuel , 20, 156-9 (1941). 

78 Kent, C. R., Fuel , 19, 119-25 (1940). 

79 Seyler, C. A., Trans. Am. Inst. Mining Met. 
Engrs., 76, 189-96 (1928). 

80 Seyler, C. A., J. Inst . Fuel, 5, 248-55 
(1932). 

si Parr, S. W., J. Ind. Eng. Chem 14, 919-23 
(1922). 

82 Ralston, O. C., V . S. Bur. Mmes, Tech. 
Paper 93 (1915), 41 pp. 


which are to be described later in this 
chapter. 

Seyler has discussed coal classification as 
applied to fuel technology and the influ- 
ence of petrologic constituents, in several 
papers not previously mentioned. 83 * 84 The 
last reference contains a large folded chart 
correlating the Seyler classification accord- 
ing to carbon and hydrogen content, with 
volatile matter, moisture, gross and net 
calorific value, volume of wet flue gas, 
theoretical air required, calorific intensity, 
and flame intensity. This chart includes 
wood and vegetable matter, peat, and lig- 
nite of three classifications, as well as the 
higher-rank coals. The paper has also ap- 
peared elsewhere in whole or in part. 85 

Seyler’s classification has been used by 
some English coal investigators, but it ap- 
parently has not received widespread ac- 
ceptance for either research or commercial 
purposes. However, it is sound in concep- 
tion and well documented, and it is the 
outstanding classification based on ulti- 
mate analysis. 

American Use of Ultimate Analysis. 
Rogers 86 included ultimate analyses in a 
classification of Pennsylvania coals into four 
groups. 

Grout 87 in 1907 recalculated ultimate 
analyses of dry fuels to the basis of carbon 
plus hydrogen plus oxygen equals 100 per- 
cent and graphed them on a triaxial dia- 
gram. He found that points representing 

83 Seyler, C. A., Proc. World Eng. Congr 
Tokyo, 1929, 32, 271-85 (1931). 

84 Seyler, C. A., Proc. 8. Wales Inst. Engrs 
47, 4-9, 549-55, 557-92, 607-16, 685-94, 746-59 
(1931). 

85 Seyler, C. A., Colliery Guardian , 142, 401-4, 
488-90, 577-9 (1931) ; Gas World, Ann. Coal 
Suppl., 94, 23-4 (1931) ; J. Inst. Fuel, 4, 451-6 
(1931) ; Iron & Coal Trades Rev., 122, 836, 860, 
898-900 (1931). 

86 Rogers, H. D., The Geology of Pennsylvania, 
a Government Survey , J. B. Lippincott & Co., 
Philadelphia, 1858, Vol. 2, pp. 988-97. 

87 Grout, F. F., Econ. Geol., 2, 225-41 (1907). 
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the natural series, wood to anthracite, 
formed a narrow band on the diagram, but 
that cannel coals, being high in hydrogen, 
fell above the band of ordinary coals. 
Grout showed that lines could be drawn on 
the diagram to separate coals of similar 
calorific value. He proposed a classifica- 
tion based on dry, ash-free analyses, which 
involved both fixed carbon (that is, 100 
minus percentage of volatile matter) and 
total carbon from the ultimate analysis. 

White 88 studied the effect of oxygen in 
coal, and he concluded that it has ap- 
proximately the same effect as ash on the 
calorific value. He obtained a smooth 
curve by plotting the calorific value 
against the ratio of carbon divided by 
(oxygen plus ash). The greatest devia- 
tions were for weathered or high-rank 
coals. He concluded that the carbon-to- 
oxygen ratio marked the degree of coalifi- 
cation, and that the hydrogen-to-oxygen 
ratio gave a fairly good indication of 
coking property, except for high-rank 
coals. 

Ralston 82 in 1915 systematically ex- 
tended Grout's proposals by recalculating 
3,000 government analyses of coals and al- 
lied materials, deriving a number of useful 
generalizations which were shown on 
graphs. These included the location of iso- 
calorific and isovolatile lines on the ulti- 
mate analysis diagram, and the effect of 
carbonization and oxidation upon coal 
analyses. ' Ralston also graphed the 
analyses of resins, tars, waxes, fats, and 
oils. He concluded that the spread of 
analyses across the coal band (range of 
hydrogen percentage at the same carbon 
content) was greater than the probable 
analytical error and therefore represented 
real differences, which are now known to 
be due to differences in “type.” 

88 White, D., U. 8. Geol. Survey, Bull. 3S2 
(1909), 74 pp. 


Ralston found that, when coals were 
classified according to the practice of the 
TJ. S. Geological Survey, the various 
named classes fell on different parts of the 
coal band, with only a little overlapping of 
ultimate analyses. He did not propose 
definite limits for the various classes. 

Drakeley and Smith 89 in 1922 pub- 
lished a graphic study, according to the 
methods of Grout and Ralston, of 287 
British coals, and reached about the same 
conclusions as the previous investigators 
working with coals of the United States. 
Hickling 90 has graphed United States coal 
analyses in a similar manner. 

Ultimate Analysis Ratios. Ratios of the 
various elements have been used since the 
earliest attempts at coal classification. 
Reference has already been made to Kar- 
sten’s use of the hydrogen-to-oxygen ratio 
in 1826 and Regnault’s use of the reverse 
ratio in 1837. The carbon-to-hydrogen 
ratio has been extensively employed by in- 
vestigators working with the higher-rank 
coals, for example by Seyler and by Camp- 
bell. 91 Strahan and Pollard 92 used this 
ratio in the study of progressive anthraci- 
tization of the coal seams of South Wales. 
Bode 93 has proposed carbon-to-hydrogen 
ratio limits of 8 to 10 for boghead, 10 to 
14 for cannel, and 14 to 18 for pseudo- 
cannel. White's use of the carbon-to-oxy- 
gen ratio has already been cited. 

The significance and limitations of these 
ratios do not seem to have been fully 

89 Drakeley, T. J., and Smith, F. W., J. Chem. 
Soc., 121, 221-38 (1922). Drakeley, T. J., Fuel , 
2, 195-200 (1923). 

90 Hickling, G., Trans. North Engl. Inst. Min- 
ing Mech. Engrs ., 77, 25-45 (1927) ; Colliery 
Guardian , 133, 1049-50 (1927). 

91 Campbell, M. R., Trans. Am. Inst. Mining 
Met. Engrs., 3G, 324-40 (1906). 

92 Strahan, A., and Pollard, W., Mem. Geol. 
Survey, England and Wales, London, 1908, pp 
1-78. 

93 Bode, H., Proc. 3rd Intern. Conf. Bitumi- 
nous Coal, 2, 878-96 (1931). 



ULTIMATE ANALYSIS RATIOS 


47 


realized by all who have used them. The 
ratios have been graphically shown by 
Rose. 94 

Figure 1, adapted by Rose from Ral- 
ston, shows the approximate limits of ulti- 
mate analysis of common varieties of 
United States coals on the dry basis, using 
the terminology most generally accepted at 
that time. It will be seen that this figure 


bon-to-oxygen ratios, respectively, super- 
imposed on the band of typical coal anal- 
yses. These figures show the obvious limi- 
tations of such ratios when they are ap- 
plied to coals of all ranks. 

Thus in Fig. 2 the hydrogen-to-oxygen 
ratios cut across the band of lower-rank 
coals, though more obliquely than the oxy- 
gen lines, but for the high-rank coals the 


°/o Oxygen 
10 



Fig. 1. Triaxial diagram of coal ultimate analyses, showing former U.S. Geological Survey 
terminology. 


represents one corner from a triaxial dia- 
gram on which carbon plus hydrogen plus 
oxygen equals 100 percent. When the ulti- 
mate analyses of common types of solid 
fuels, not including cannel and algal coals, 
are plotted on this diagram, the analyses 
fall within a narrow band. The stippling 
on this figure does not represent actual 
coal analyses but merely indicates the lim- 
its within which the analyses of most coals 
will fall. 

Figures 2, 3, and 4 show the hydrogen- 
to-oxygen, carbon-to-hydrogen, and car- 

94 Rose, H. J., Trans. Am. Inst. Mining Met. 
Engrs., 74, 600-36 (1926) ; Fuel, 5, 562 (1926), 
6, 41-6, 84-8 (1927) ; Blast Furnace Steel Plant, 
14, 344-9, 366, 390-5, 409, 423-5, 433 (1926) ; 
Modern Mining, 3, 310, 340, 413 (1926) ; Kop- 
pers Mitteilungen, 10, 65-102 (1928). 


ratio lines run parallel with the coal band. 
The 150 ratio line passes through the four 
highest ranks of coal, from anthracite to 
bituminous, and would also pass through 
the cannel and algal coal areas if they were 
shown. Obviously this ratio is of little 
value for separating the high-rank coals. 
This figure also shows the line of zero 
“available hydrogen” and illustrates that 
the “available hydrogen” is highest with 
the coking, bituminous and semibitumi- 
nous, coals and least with the noncoking 
lignites and anthracites. In other words, 
there is a broad correlation between the 
numerical values for available hydrogen 
and coking power, in spite of the fact that 
this conception is of little value for specific 
coals. 
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Figure 3 shows that the carbon-to-hydro- 
gen ratio lines are not very different in 
slope from the horizontal hydrogen lines. 
This ratio has been used chiefly to differ- 


lines found by Ralston. 82 Volatile matter, 
or its complement, fixed carbon, has long 
been one of the most widely used items for 
classification purposes, and the utility of its 


°}o Oxygen 
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Fig. 2. Hydrogen-to-oxygen ratios graphed on triaxial diagram. 
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Fig. 3. Carbon-to-bydrogen ratios graphed on triaxial diagram. 


entiate between high-rank coals. For coals 
of lower rank, this ratio runs nearly parallel 
with the coal band; for example, the 15 
ratio passes completely through the bitu- 
minous, subbituminous, and lignite ranks, 
and the higher ratio lines cross the coal 
band only for high-rank coals. 

However, the carbon-to-kydrogen ratio 
lines are nearly parallel with the isovolatile 


approximate equivalent, the carbon-to-hy- 
drogen ratio, for systems based on ultimate 
analysis may thus be understood. Seyler 
has also pointed out the equivalence of 
volatile matter and the carbon-to-hydro- 
gen ratio. 

Figure 4 shows that the slope of the 
carbon-to-oxygen ratio lines is so nearly 
that of the oxygen percentages that the 
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use of the oxygen percentage in pure coal 
should be about as satisfactory an index, 
and would be simpler to use and under- 
hand. The slope of the carbon-to-oxygen 
ratio lines is a little closer to that of the 
isoealorific lines but not near enough to be 
a practical equivalent. The correlation of 
calorific value and ultimate analysis will 
be discussed later. Regnault, 66 in 1837, 


coke D271-37 95 state that the ..same labo- 
ratory, when testing portions from the 
same sample of 60-mesh coal, should ob- 
tain duplicate results differing not more 
than 0.3 percent for carbon and 0.07 per- 
cent for hydrogen. However, Lowry and 
Junge 96 have made a statistical study of 
duplicate ultimate analyses of coal re- 
ported by various fuel-testing laboratories. 


°fo Oxygen 
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Fig. 4. Carbon-to-oxygen ratios graphed on triaxial diagram. 


calculated the atomic ratio of hydrogen 
plus oxygen to carbon. 

Availability of Good Ultimate Analyses . 
U. S. Bureau of Mines publications are the 
principal source of ultimate analyses of 
American coals. Such analyses are seldom 
made for industrial purposes in this coun- 
try, except for calculating heat balances 
for boiler tests. Coal-research laboratories 
make a limited number of ultimate anal- 
yses in connection with the systematic in- 
vestigation of the properties of coal. The 
necessary determinations require special 
equipment and skilled technique, and test- 
ing laboratories charge about $25 for an 
ultimate analysis. 

A.S.T.M. standard methods of labora- 
tory sampling and analysis of coal and 


On the basis of the analyses available, they 
concluded that a “reasonable” permissible 
difference between duplicate determina- 
tions by the same laboratory would be 0.5 
percent for carbon and 0.15 percent for 
hydrogen. This merely represents the abil- 
ity of the average analyst to get consistent 
results on the same sample; it does not 
represent the deviation from absolute ac- 
curacy, which would be - considerably 
greater. 

Tideswell and Wheeler 97 have doubted 

95 Am. Soe. Testing Materials > Standards , Pt. 
Ill, p. 15, 1939. 

96 Lowry, H. H., and Junge, C. O., Jr., Am. 
Soe. Testing Materials , Preprint SO (1942), 16 

pp. 

97 Tideswell, F. V., and Wheeler, R. V., Trans. 
Am. Inst. Mining Met. Engrs., 76, 200-11 
(1928). 
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that many published ultimate analyses of 
coals are accurate within 1 percent carbon, 
and they believe that many are as much 
as 2 or 3 percent in error. This is due in 
large part to the shaly, pyritic, and carbo- 
nate impurities in coal which lead to errors 
in the calculation of the composition of the 
pure coal substance on the ash-free basis. 
The errors can be reduced by making 
proper allowances for the changes which 
occur in these mineral impurities when 
they are incinerated to ash. Not only is 
the weight of ash different from the weight 
of the mineral impurities present in the 
coal, but also the water of hydration of 
shaly impurities and the carbon dioxide 
from carbonate impurities are commonly 
credited to the pure coal, substance. 

This is mentioned because ultimate anal- 
yses are sometimes considered to be more 
accurate for classification purposes than 
volatile matter or fixed carbon, which do 
not exist as such in the raw coal, and the 
yield of which depends somewhat on the 
particular test method used. Actually, 
both ultimate and proximate analyses are 
of acceptable accuracy for classification 
purposes, when corrected to the mineral- 
matter-free basis, not ash-free basis, by 
appropriate means to be mentioned later. 

Classification by Proximate Analysis 

The proximate analysis of coal consists 
in the determination by prescribed meth- 
ods 95 of moisture, volatile matter, ash, 
and fixed carbon by difference. Volatile 
matter consists of the products other than 
“moisture” given off when the coal is 
heated according to the prescribed method; 
fixed carbon is the solid residue other than 
ash obtained in the same process of de- 
structive distillation. Thus, on the dry, 
ash-free basis, volatile matter plus fixed 
carbon equals 100 per cent, and either of 
these complementary terms is satisfactory 


for classification purposes. Also, either 
one of them is sufficient to determine the 
“fuel ratio,” that is, the fixed carbon di- 
vided by the volatile matter, which is 
sometimes used instead. 

Fixed carbon on the dry, ash-free basis 
has also been called “carbon ratio” 98 be- 
cause it may be calculated from an analy- 
sis on the as-received basis by dividing the 
fixed carbon by the sum of volatile matter 
and fixed carbon. 

Volatile Matter or Fixed Carbon , and 
Fuel Ratio . The use of volatile matter or 
fixed carbon (ashless coke residue) dates 
back to the earliest attempts at coal classi- 
fication. Thus, Regnault 66 in 1337 re- 
ported fixed carbon as well as ultimate 
analysis and other characteristics, and 
Gruner, 68 who extended the system, in- 
cluded both volatile matter and fixed car- 
bon. In 1911, Gruner and Bousquet, 69 
still using the same system, indicated that 
the primary classification depended upon 
the proportion of volatile matter and the 
nature of coke, as shown in Table XIII. 

Gruner and Bousquet relegated ulti- 
mate analyses to a secondary position for 
classification purposes as shown by Table 
XI. 

Hilt 99 classified coals on the basis of 
parts of volatile matter per hundred parts 
of coke. 

In the United States, the proximate 
analysis has nearly always been favored 
for classification purposes. Thus, John- 
son, 100 in reporting on the evaporative 
power and other properties of United 
States and foreign coals to the Navy in 
1844, included volatile matter, fixed car- 
es Fuller, M. L., Boon. Geol., 15, 225-35 
(1920). 

99 Hilt, C., Dinglers Polytech. J., 208, 424-34 
(1873). 

xoo Johnson, W. R., Senate Document 386, 
28th Congress (1844), 607 pp. 
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TABLE XIII 

Classification of Coals, Supposedly Pure and Ash-Free 69 
Proportion Proportion 


of Fixed of Volatile 



Carbon 

Matter 

Class or Type 

per 100 of 

per 100 of 

of Coal 

Pure Coal 

Pure Coal 


1. Houilles seches a 

55-60 

45-40 

longue flamme 



2. Houilles grasses a 

60-68 

40-32 

flamme (charbons a 



gaz) 



3. Houilles grasses pro- 

68-74 

32-26 

prement dites (char- 



bons de forge) 



4. Houilles grasses a 

74-82 

26-18 

courte flamme 



5. Houilles maigres ou 

82-90 

18-10 

anthraciteuses 



6. Anthracites 

90-92 

10- 8 


* Water at 0° vaporized at 112° per kilogram of 

bon, and the fuel ratio, which is the ratio 
of fixed to volatile combustible matter. 

Rogers, 86 in 1858, divided coals into four 
principal groups on the basis of the vola- 
tile-matter content of the coal as received, 
including moisture and ash. Ultimate anal- 
ysis, specific gravity, etc., also formed a 
part of the classification. 

Frazer, 101 in a paper originally presented 
in 1877, preferred Johnson's method of 
using the ratio of fixed carbon to volatile 
combustible matter, which Frazer called 
“fuel ratio,” and proposed limits for 
Rogers' classes. 

Campbell 91 criticized this classification 
because it considered all coals of 5 or less 
fuel ratio to be bituminous and made no 
provision for lignite. He concluded that 

loi Frazer, P., Jr., Trans. Am. Inst. Mining 
Met. Engrs., 6, 430—51 (1879) ; Second Geol. 
Survey Penna Rept. of Progress MM, (1879), 
pp. 128-58. 



True 

Indus- 

trial 

Nature and Aspect 

Calorific 

Calorific 

of the Coke 

Power 

Power * 



Kilograms 


Calories 

of Water 

Powdery or slightly 

8,000-8,500 

6.70-7.50 

sintered 

Completely agglom- 

8,500-8,800 

7.60-8.30 

erated and mostly 
fused 

Fused and more or 

8,800-9,300 

8.40-9.20 

less swollen 

Compactly fused 

9,300-9,600 

9.20-10 

Slightly sintered, 

9,200-9,500 

9-9.50 


mostly powdery 

Powdery, to sandy 9 , 000-9 , 200 9 
pure coal. 


the fuel ratio was valuable only for the 
higher-rank coals. Later, 102 in a summary 
of the coal fields of the United States, he 
used different values of fuel ratios for clas- 
sifying the ranks described by Rogers and 
combined them with other characteristics 
for distinguishing coals of lower rank. 

As will be discussed later, modern refine- 
ments in determining volatile matter have 
appreciably altered the results compared 
with certain previous methods. In a high- 
rank coal, a small change in the percentage 
of volatile matter makes a relatively large 
change in the fuel ratio. Therefore a revi- 
sion of fuel-ratio limits formerly proposed 
for classification purposes has been neces- 
sary. 

Campbell, 103 in 1926, on the basis of 

102 Campbell, M. R., U. S. Geol. Survey , Pro- 
fessional Paper 100a (1917), 33 pp. 

103 Campbell, M. R., Proc. 1st Intern. Conf. 
Bituminous Coal , 1 , 5-64 (1926). 
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recent analyses then available, proposed 
the following limits: 

Fuel Ratio 
(Fixed Carbon to 
Kinds of Coal Volatile Matter) 


Anthracite 50-10 

Semianthracite 10-5 

Semibituminous 5- 2.5 

Bituminous 2.5- 


In this and other papers of about the same 
date, 104 ' 105 Campbell discussed burning 
characteristics and physical properties of 
the higher-rank coals, as well as means 
other than fuel ratios for differentiating 
the lower-rank coals. 

Ashley has proposed several classifica- 
tions for American coals. A paper pre- 
sented in 1919 106 discussed the ratio of 
fixed carbon to volatile matter plus mois- 
ture, also the ratio of fixed carbon to mois- 
ture as received. It included a large table 
summarizing information about coal tex- 
tures and types; the heating value, proxi- 
mate and ultimate analyses for coal re- 
duced to 6 percent ash and 1 percent sul- 
fur but with as-received moisture; also 
various ratios for representative American 
coals; and names coined from the type 
localities. Later, 107 he proposed classifica- 
tion on the basis of coals calculated to 7 
percent ash and dried at 68° F and 15 
millimeters of mercury absolute pressure. 

A few years later, Ashley prepared a 
paper 108 on the practical classification of 
coals, in which the principal classification 
w r as according to the fixed-carbon content 
of the coal with as-received moisture, but 
ash-free. In the bituminous and subbitu- 

104 Campbell, M. R., and others, Virginia Geol . 
Survey, Bull. 25, 116 (1925). 

105 Campbell, M. R., Trans. Am. Inst. Mining 
Met . Engrs SS, 489-504 (1980). 

106 Ashley, G. H., iMd., 63, 782-96 (1920). 

107 Ashley, G. H., Coal Age , 25, 167-71 (1924). 

108 Ashley, G. H., Penna. Topographic Geol. 
Survey , Bull. 89 (1926), 16 pp. 


minous classes, the fixed-carbon range of 
each class was 7 percent. Fuel ratios 
were shown. The class names were coined 
from the relative amounts of volatile mat- 
ter and moisture. Other analytical data 
were included for representative coals of 
each rank and type. Classification accord- 
ing to grade (impurities) was included. In 
1930, Ashley 109 revised this classification 
somewhat, using fixed carbon ranges of six 
percent for most classes. 

Seyler 73 in his original article on coal 
classification stated that, regardless of the 
carbon content determined by ultimate 
analysis, coals may be classified according 
to volatile matter as follows: 

Volatile 

Matter 

Up to 8% Anthracitic and pseudoanthracitic 
8-16% Carbonaceous and pseudocarbona- 
ceous 

16-26% Short-flame coals (mostly semi- 
bituminous or subbituminous) 
26-32% Normal bituminous coals 
Over 32% Long-flame coals 

In later articles Seyler paid considerable 
attention to volatile matter and graphi- 
cally showed how the lines of equal volatile 
matter crossed his classification chart diag- 
onally. He also pointed out 40 that it is 
possible to predict the approximate ulti- 
mate analysis of bright coals from the vola- 
tile matter alone, and he showed the 
amount of “displacement” of volatile mat- 
ter in durain (splint) and fusain as com- 
pared with bright layers of the same coal. 
Fisher 39 also discussed the relation be- 
tween coal constituents and volatile mat- 
ter, and the correlation of the volatile mat- 
ter with the carbon-to-hydrogen ratio. 
Parr 110 in 1906 proposed a system of 

109 Asbley, G. H., Trans. Am. Inst. Mining Met. 
Engrs., 88, 512-6 (1930). 

no Parr, S. W., J. Am, Chem. Soc ., 28, 1425- 
32 (1906) 
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classification based on the ratio of carbon 
in the volatile matter to total carbon. 
Dowling, 111 in order to avoid the necessity 
of an ultimate analysis, suggested use of 
the split volatile ratio, which assumes that 
half of the volatile matter is combustible 
and may be classed with the fixed carbon, 
while the other half is inert and should be 
classed with the moisture. The formula 
therefore is: 

Fixed carbon + 0.5 Volatile matter 
Moisture + 0.5 Volatile matter 

It was said that the quotients from this ratio 
are almost as satisfactory as the carbon- 
to-hydrogen ratio. However, it has already 
been pointed out that there is a close par- 
allelism between the simple volatile-matter 
percentage and the carbon-to-hydrogen 
ratio. The split volatile ratio was used in 
part in the classification of the coals of the 
world 112 and also in a later work by Dowl- 
ing 113 on the coal resources of Canada. 

Spooner 114 has stated that the yields of 
various constituents in the volatile matter 
are more closely related to rank than has 
hitherto been suspected. The carbon 
oxides and water were found to be directly 
proportional, and the free hydrogen in- 
versely proportional, to the oxygen content 
of the coal, and the remaining volatile 
constituents were directly proportional to 
the hydrogen content of the coal. Blach- 
er 115 has graphed the volatile matter of 

in Dowling, D. B., Gan. Mining J., 29, 143-6 
(1908) ; Can. Dept. Mines , G-eol. Survey, Bept. 
1035, 43-5 (1909). 

11 2 Mclnnes, W., Dowling, D. B., and Leach, 
W. W., Editors, 12th Intern. Geol. Congress, The 
Coal Resources of the World, Morang & Co., 
Ltd., Toronto, Canada, 1913, Vol. 1, civ + 371 
PP. 

113 Dowling, D. B., Can. Dept. Mines, Geol. 
Survey, Memoir 59 (1915), 157 pp. 

114 Spooner, C. E., J. Inst. Fuel, 11, 134-40 
(1937). 

ns Blacher, C., Feuerungstech., 13, 69-70, 
84-6, 95-8, 126-7, 148-52 (1925). 


fuels versus the calculated percentage of 
hydrocarbons in the volatile matter, for 
classification purposes. 

A great many investigators have studied 
the effect of temperature on the yield and 
composition of volatile products obtained 
from coals of various ranks and types. 
Florentin 116 differentiated hard anthra- 
cites, true Welsh anthracites, and semi- 
anthracites, by means of the volume of 
total gas given off to 700° C by 1 gram of 
ash-free coal. He used this “characteristic 
gas volume” to supplement usual tests such 
as the percentage of volatile matter and 
the density. 

Ramzin 117 proposed the classification of 
coals from European Russia according to 
volatile matter on a dry, ash-free basis and 
to the nature of the coke resulting from 
the crucible test. 

Meurice, 118 in discussing the coking 
capacity of coals, cited the volatile-matter 
limits used by about a dozen European 
authorities in classifying various coals. 

Graphic Studies of Proximate Analyses. 
Parr 110 presented the proximate and ulti- 
mate analyses of coals in circular diagrams 
or “pie charts,” which showed the various 
constituents and separated volatile matter 
into combustible and inert fractions. 

Grout 87 presented the entire proximate 
analysis of coals on the triaxial diagrams 
which he used for graphing ultimate anal- 
yses. This was accomplished by locating 
the point representing ultimate analysis by 
means of a small equilateral triangle whose 
area represented the percentage of fixed 
carbon. The percentages of volatile mat- 
ter, moisture, and ash were represented by 
the areas of smaller triangles formed in 

lie Florentin, D., Ann. fals., 25, 453-9 (1932). 

ii7 Ramzin, L. K., Bull. Inst. Fuel Research 
(Russia), No. 1, pp. 97-103, 1924. 

ns Meurice, A. A., Colliery Guardian, 117, 
1559-60 (1919). 
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extensions of the sides of the fixed-carbon 
triangle. 

Fisher 119 has graphed proximate analy- 
ses on a triaxial diagram in which volatile 
matter, fixed carbon, and moisture total 
100 percent. Wong 120 has plotted proxi- 
mate analyses on a triaxial graph. 
Wang 121 has similarly graphed the analy- 
ses of C hin ese coals and has also plotted 
moisture, fixed carbon, and volatile matter 
against fixed carbon. Separate curves 
were shown for Paleozoic and Mesozoic 
coals. 

Rose 122 has shown how to correlate 
graphically proximate and ultimate anal- 
yses on any purity basis by means of 
“multibasic coal charts,” which will be 
described later. 

Availability of Good Proximate Analy- 
ses. Inexpensive proximate analyses — 
moisture, volatile matter, fixed carbon, and 
ash — are almost universally available for 
commercial coals. 

It has long been known that the yield 
of volatile matter and fixed carbon obtain- 
able from a particular sample of coal de- 
pends upon the temperature to which the 
coal is heated, the rate and duration of 
heating, and other factors. The results 
are also subject to errors resulting from 
oxidation, mechanical losses due to “spark- 
ing” of noncoking fuels, etc. As a result, 
volatile-matter determinations made under 
various conditions will give somewhat dif- 
ferent results. 

Fieldner 123 has reviewed American 
standard methods of coal analysis from 
1899 to 1929 with reference to classifica- 

U9 Fisher, D. J., J. Geol 35, 639-46 (1927). 

120 Wong, W. H., Bull. Geol. Soo. China , 6, 
65-7 (1927). 

121 Wang, H. S., Hid., 7, 175-83 (1*928) ; Fuel , 
8, 244-8 (1929). 

122 Rose, H. J., Trans. Am. Inst. Mining Met. 
Engrs.y 88 , 541-53 (1930). 

123 Fieldner, A. C., ibid., 88, 585-96 (1930). 


tion problems. Lowry and Junge 96 con- 
cluded that the “reasonable” permissible 
difference for the same -analyst making 
duplicate determinations of volatile matter 
on the same sample of coal is 0.5 percent 
for both bituminous coal and anthracite. 
RacLmacher 124 has tabulated the complete 
details of fifteen different volatile-matter 
methods used in America, Austria, Bel- 
gium, Denmark, England, France, Ger- 
many, Holland, and Poland. It is not 
within the scope of this chapter to cite the 
many papers which present comparative 
volatile-matter results obtained under 
various conditions. It is sufficient to say 
that, when volatile matter is determined 
under appropriate standardized conditions, 
the results are reproducible with sufficient 
accuracy for classification purposes. 

Classifications Involving Both Prox- 
imate Analysis and Calorific Value 

Many of the classifications already de- 
scribed include heating value in a supple- 
mentary way. Since most coal is burned 
to produce heat, calorific value is obviously 
of great importance, and the following dis- 
cussion relates to systems in which calorific 
value forms an essential part of the classi- 
fication. 

When lignites, subbituminous coals, and 
low-rank bituminous coals of similar petro- 
graphic composition are compared on the 
moist, ash-free basis, it is found that there 
is a close relation between rank and heat- 
ing value, but their volatile matter or 
fixed carbon does not correlate closely with 
rank. On the other hand, the calorific 
value of high-rank bituminous and anthra- 
citic coals does not form a sufficient basis 
for classification, but such coals can be 
readily classified according to volatile mat- 
ter or fixed carbon. 

124 Radmacier, W., Brennstoff-Chem., 19, 217- 
26, 237-43 (1938) ; Fuel, 18, 228-46 (1939). 
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Therefore a combination of proximate 
analysis and calorific value has been found 
very practical for classifying the entire 
range of coals. These factors have been 
combined in a variety of ways. For ex- 
ample, Parr 110 first proposed a classifica- 
tion which took into account volatile car- 
bon, total carbon, inert volatile matter, 
and the “gross coal index, ” which was the 
sum of carbon, “available hydrogen,” and 
sulfur. These last three constituents were 
considered to represent the actual fuel 
present, and their sum would be found to 
correlate approximately with calorific 
value. Later, Parr 81 » 125 proposed a sys- 
tem of classification based on the calorific 
value and volatile matter of “unit coal,” 
which is coal calculated to the dry, min- 
eral-matter-free basis by a special formula. 
Parr presented the classification in the 
form of a graph showing boundary lines 
which had been arbitrarily selected to 
separate the various ranks of coal. The 
later reference 125 recommends different 
boundary lines from the original publica- 
tion. 

The Parr classification has not been 
much used in the form in which it was 
presented, but the simplicity and advan- 
tages of the general method were at once 
apparent, and it has had much influence 
on subsequent classification developments. 

Stansfield, 126 in 1925, studied the classi- 
fication of Alberta coals of all ranks from 
lignite to low-volatile bituminous, accord- 
ing to Parr’s proposal. He concluded that 
a satisfactory classification of the low-rank 
coals was impossible on the dry basis, and 
instead used volatile matter and calorific 
value on the basis of coal with moisture as 
mined, but with ash adjusted to 10 per- 

125 Parr, S. W., Univ. Illinois, Eng. Easp. Eta., 
Bull . 180 (1928), 59 pp. ; Fuel, 16, 52-8, 72-85 
(1937). 

126 Stansfield, E., Trans . Gan. Inst. Mining 
Met., 28, 252-66 (1925). 


cent. Several years later, additional data 
were presented by Stansfield and Suther- 
land, 127 in which the analyses were graphed 
on the “pure raw coal” basis, that is, coal 
with moisture as mined but calculated free 
of mineral matter. For comparison, a 
graph of the same analyses on the Parr 
“unit coal” basis was included. 

Thom 128 also stressed the importance of 
moisture in the classification- of low-rank 
coals and modified Parr’s proposal by 
graphing volatile matter plus moisture ver- 
sus calorific value, using ash-free analyses 
on the air-dry basis. 

Landsberg 129 described methods used 
by the German State Railways to classify 
coals, one of which consisted in plotting 
the calorific value of clean coal against its 
volatile-matter yield. 

Li and Loh 130 concluded that Parr’s 
method was applicable to at least a great 
majority of Chinese coals. 

Ralston 82 in 1915 graphically correlated 
ultimate analyses with volatile matter and 
calorific values. Seyler 79 illustrated the 
superimposing of the Parr classification on 
his carbon-hydrogen diagram. Rose 122 
showed the correlation of American fuels 
from peat to anthracite by the Parr, Sey- 
ler, and other classifications, on his “multi- 
basic coal chart.” 

Calorific Value of Volatile Matter. In 
the gas industry, use has long been made 
of formulas which connect proximate anal- 
ysis with calorific value in various ways. 
Fixed carbon is assumed to have a con- 
stant calorific value per unit, and the dif- 
ference between the total calorific value of 

127 Stansfield, E., and Sutherland, J. W,, Can. 
Mining Met., Bull. 210, 1158-86 (1929). 

128 Thom, W. T., Jr., Trans. Am. Inst. Mining 
Met. Engrs., 71, 282-8 (1925), 88, 406-8 (1930). 

129 Landsberg, E., Gliickauf, 61, 1427-39 

(1925). 

iso Li, S. H., and Loh, H. T., Eng. Quart., 
Univ. Chekiang, 2, 14-46 (1937). 
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a coal and that remaining in the fixed car- 
bon gives the number of heat units in the 
volatile matter, i.e., the gas and tar. Di- 
viding this figure by the percentage of 
volatile matter is assumed to give a figure 
which indicates the quality of the gas. 

Salvador! and Mondini 131 in classifying 
lignites recommended the use of “factor 
Uj 3 which represented the amount of heat 
in each 1 percent of volatile matter ob- 
tainable at 500° C from the lignite, assum- 
ing that the fixed carbon obtained under 
the specified conditions had a heating value 
of 8,100 calories per gram. Landsberg 129 
described the classification of German 
railway fuel by plotting the percentage of 
volatile matter against the calorific value 
per 1 percent of volatile matter. 

De Goey and Brender-a-Brandis 132 used 
the term “specific value number,” or the 
letter omega to designate the number of 
calories in the gas per 1 percent of volatile 
constituents in the coal by the Geipert 
method. This value was highest for an- 
thracite and decreased through bituminous 
coals to a low value for cellulose. 

Burrough, Swartzman, and Strong 133 
used the term “specific volatile index” to 
designate the following ratio, using analy- 
ses obtained by standard American meth- 
ods: 

S.V.I. - 

Determined Btu in coal 1 
— (14,500 X Weight of fixed carbon) ) 
Percent of volatile matter 

These authors studied the application of 
this index to Canadian fuels of all ranks, 
and they concluded that it places coals in 

131 Salvadori, R., and Mondini, F., Ann , cJiim. 
applicate, 11, 108-13 (1919). 

132 De Goey, H. J. A., and Brender-a-Brandis, 
G. A., Gas- u. Wasserfach, 72, 1237-42 (1929). 

133 Burrongh, E. J., Swartzman, E., and 
Strong, R. A., Can. Dept. Mines, Mmes Branch , 
Invest . Fuels Fuel Testing 1980, 1981, 725, 36- 
50 (1933). . 


increasing value from peats to anthracites, 
according to their rank. For graphic pres- 
entation, the index was plotted against 
volatile matter percentage. 

These authors showed a set of limits 
calculated on the dry, ash-free basis, for 
the classification of coals for use in the 
byproduct coking industry, and another 
set of limits was shown in a chart of specific 
volatile indices on the “unit coal” basis, 
arranged for correlation with the Parr and 
Seyler systems of classification. 

Calculation of Calorific Value from 
Proximate and Ultimate Analysis. With 
modern bomb-calorimeter equipment, the 
calorific value of coal is determined rap- 
idly, inexpensively, and precisely; in fact, 
this should be one of the most accurate 
determinations made on coal. Lowry and 
Junge 96 concluded that a reasonable per- 
missible difference for duplicate determi- 
nations by the same laboratory was 0 5 
percent, and for the most precise labora- 
tory, 0.2 percent. However, bomb calo- 
rimeters were formerly less satisfactory and 
less widely available, so that many meth- 
ods have been proposed for calculating 
calorific values from proximate or ultimate 
analyses. (See Chapter 4.) 

American Standard Specifications for 

Classification of Coals by Rank 

The most extensive project ever under- 
taken on the classification of coals was be- 
gun in the United States in 1927 and was 
carried on actively for some ten years, 
about sixty specialists from the United 
States and Canada cooperating. This 
work, which was sponsored by the Ameri- 
can Standards Association and the Ameri- 
can Society for Testing Materials, led to 
the preparation and adoption of the pres- 
ent American Standard Specifications for 
Classification of Coals by Rank D388- 
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38 134 and by Grade D389-37, 135 Standard 
Definitions for Commercial Varieties of 
Bituminous and Subbituminous Coals 
D493-39, 31 and Standard Method for 
Designating the Size of Coal from Its 
Screen Analysis D431-38. 136 

Furthermore, it led to the critical study 
and improvement of various testing meth- 
ods incidental to classification, and to the 
preparation of a large number of tech- 
nical papers relating to improved testing 
methods and coal classification. It also 
resulted in the resampling of various coal 
areas where the reliability of previous coal 
analyses were questioned. 

Fieldner 137 and Rose 138 have described 
the organization of the committees, the 
viewpoints, and the progress of this under- 
taking. 

A.S.T.M. Classification by Rank. The 
resulting classification is summarized in 
Table XIV, but reference should be made 
to the complete standard 134 for details of 
classification, sampling, special test meth- 
ods, and calculation of results. Both the 
Parr formulas and an approximation for- 
mula are given for calculating analyses to 
the mineral-matter-free basis. 

These specifications, published in tenta- 
tive form in 1934, were adopted as stand- 
ard in 1937, with slight revisions in 1938, 
since when there has been no request for 
further revision. 

134 Am. Soc. Testing Materials , Standards, Pt. 
Ill, p. 1, 1939. 

135 Am. Soc. Testing Materials , Standards, Pt. 
Ill, p. 7, 1939. 

136 Am. Soc. Testing Materials, Standards, Pt. 
Ill, p. 49, 1939. 

137 Fieldner, A. C., Proo. 2nd Intern. Conf. Bi- 

tuminous Goal , 1, 632-50 (1928) ; U. S. Bur. 
Mines, Giro. 6094 (1929), 13 pp. ; Fuel, 8, 473- 
81 (1929) ; Ind. Standardisation, 7 . 273-1 

(1936). 

138 Rose, H. J., Proc. 3rd Intern. Conf. Bi- 
tuminous Coal, 2 , 839-49 (1931) ; Ind. Eng. 
Chem., 26 , 140-3 (1934). 
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Hendricks, 139 in summarizing this meth- 
od of classification, stated: 

The designation of any individual coal in 
this standard system would differ in only a 
few borderline cases from the designation 
by fuel ratios that has long been used by 
the Geological Survey and the Bureau of 
Mines, U. S. Department of the Interior. 
Such differences as do exist are the result 
of scientifically sound refinements of the 
earlier system. 

Freeman 140 has proposed a convenient 
diagrammatic representation of this clas- 
sification, as shown in Fig. 5. 

The latest U. S. Geological Survey map 
of the coal fields of the United States 141 
shows the geographical limits of occur- 
rence of the four major classes of Table 
XIV, with low-volatile bituminous coal 
areas shown separately from areas of other 
bituminous coals. 

For a graphic study of United States 
coals according to the A.S.T.M. standard 
specifications by rank, reference should be 
made to Fieldner, Selvig, and Frederic, 142 
who graphed 316 typical coals of all ranks 
from the various coal fields of the United 
States. Figure 1 of reference 142 shows 
the arrangement of the entire series when 
graphed according to dry fixed carbon and 
moist Btu, both on the mineral-matter-free 
basis. Figures 2, 3 and 4 of reference 142 
show enlarged sections of the diagram, 
with the individual points identified as to 
source and caking properties. 

Selvig, Ode, and Fieldner 143 have dis- 

139 Hendricks, T. A., Econ . Ceol., 33, 136-42 
(1938). 

140 Freeman, B. C., Ibid., 33, 570-1 (1938). 

141 Averitt, P., U. S. Geol. Siirv., 2-pt. map, 
“Coal Fields of the United States,” 56 by 85 
inches, 1942. 

142 Fieldner, A. C., Selvig, W. A., and Fred- 
eric, W. H., U. S. Bur. Mines, Kept. Investiga- 
tions 3296R (1939), 22 pp. 

143 Selvig, W. A., Ode, W. H., and Fieldner, 
A. C., Trans. Am. Inst. Mining Met. Engrs., 10S, 
188-96 (1934). 
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TABLE XIV 

A.S.T.M. Classification by Rank * 


Legend: F.C. = fixed carbon; V.M. = Volatile matter; Btu « British thermal units. 


Class 

Group 

Limits of Fixed Carbon or Btu 
Mineral-Matter-Free Basis 

Requisite Physical 
Properties 

I. Anthracitic 

1. Meta-anthracite 

2. Anthracite 

Dry F.C., 98 percent or more (dry 
V.M., 2 percent or less) 

Dry F.C., 92 percent or more and 
less than 98 percent (dry V.M., 

8 percent or less and more than 
2 percent) 



3. Semianthracite 

Dry F.C., 86 percent or more and 
less than 92 percent (dry V.M., 
14 percent or less and more than 

8 percent) 

Nonagglomerating f 

II. Bituminous § 

1. Low-volatile bituminous coal 

2. Medium-volatile bituminous coal 

Dry F.C., 78 percent or more and 
less than 86 percent (dry V.M., 
22 percent or less and more than 
14 percent) 

Dry F.C., 69 percent or more and 
less than 78 percent (dry V.M., 
31 percent or less and more than 
22 percent) 



3. High-volatile A bituminous coal 

4. High-volatile B bituminous coal 

Dry F.C., less than 69 percent (dry 
V.M., more than 31 percent); 
and moist $ Btu, 14,000 || or more 
Moist t Btu, 13,000 or more and 
less than 14,000 || 



5. High-volatile C bituminous coal 

Moist Btu, 11,000 or more and less 
than 13,000 || 

Either agglomerating 
or non weathering If 


1. Subbituminuous A coal 

Moist Btu, 11,000 or more and less 
than 13,000 || 

Both weathering and 
nonagglomerating 

III. Subbituminous 

2. Subbituminous B coal 

3. Subbituminous C coal 

Moist Btu, 9,500 or more and less 
than 11,000 || 

Moist Btu, 8,300 or more and less 
than 9,500 || 


IV. Lignitic 

1. Lignite 

Moist Btu, less than 8,300 

Consolidated 

2. Brown coal 

Moist Btu, less than 8,300 

Unconsolidated 


* This classification does not include a few coals which have unusual physical and chemical proper- 
ties and which come within the limits of fixed carbon or Btu of the high-volatile bituminous and sub- 
bituminous ranks. All these coals either contain less than 48 percent dry, mineral-matter-free fixed 
carbon or have more than 15,500 moist, mineral-matter-free Btu. 

f If agglomerating, classify in low-volatile group of the bituminous class. 

t Moist Btu refers to coal containing its natural bed moisture but not including visible water on 
the surface of the coal. 

§ It- is recognized that there may be noncaking varieties in each group of the bituminous class. 

II Coals having 69 percent or more fixed carbon on the dry, mineral-matter-free basis shall be classi- 
fied according to fixed carbon, regardless of Btu. 

If There are three varieties of coal in the high-volatile C bituminous coal group, namely, Variety 1, 
agglomerating and nonweathering ; Variety 2, agglomerating and weathering ; Variety 3 nonagglom- 
erating and nonweathering, ’ 1 
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cussed the boundary lines and reasons for 
classifying high-rank coals by fixed carbon, 
or 'volatile matter, on the dry basis, and 
low-rank coals by Btu on the moist basis. 
There is ample justification for this; in 
fact, a long and systematic study of the 
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coals. However, this procedure seems to 
be sound, desirable, and actually necessary 
from practical classification standpoints. 

For the purpose of simple and practical 
classification of coals according to rank, the 
present standard specifications appear to 
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G. 5. Diagram of A.S.T.M. Classification of Coals by Rank (Freeman 14 °). 


properties qf the coals of the United States 
and Canada, representing about two-thirds 
of the world’s known coal reserves, led to 
practically unanimous agreement by the 
committee^ studying the subject. As would 
be expected, the reasons for changing from 
fixed-carbon to Btu limits and from the 
dry to the moist basis when classifying 
high- and low-rank coals are not apparent 
to everyone, particularly to those who 
have had little familiarity with low-rank 


be about as satisfactory ones as candle de- 
veloped without adding refinements which 
would complicate their use for ordinary 
technical purposes. Although either fixed 
carbon or Btu alone may be sufficient to 
determine the class and group in which a 
coal belongs, both items should he stated 
when describing a coal. Condensed sym- 
bols for this purpose are provided for in 
the specifications. 

For specialized requirements, the 
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A.S.T.M. classification may be supple- 
mented by various chemical or physical 
tests referred to elsewhere in this chapter. 
A knowledge of the petrographic composi- 
tion — classification by type — -is often desir- 
able, but unfortunately there is not at pres- 
ent any simple and widely accepted method 
for quantitatively determining the propor- 
tion of various petrographic constituents in 
shipments of coal. The agglomerating and 
weathering characteristics specified as req- 
uisite physical properties in certain bor- 
derline cases of the A.S.T.M. classification 
recognize to some extent the practical im- 
portance of differences in type of constitu- 
ents as well as rank. The first footnote of 
Table XIV excludes a few coals which have 
unusual properties because of differences in 
petrographic constituents. 

Canadian Participation . Throughout the 
committee work which led to the adoption 
of the several A.S.T.M. specifications relat- 
ing to the classification of coal, Canadian 
members made important contributions to 
the researches and deliberations. In 1928, 
the National Research Council of Canada 
appointed the Associate Committee on Coal 
Classification and Analysis to parallel the 
American group and to study the applica- 
tion of various proposals to Canadian coals. 

Canadian representatives had a promi- 
nent part in the formulation of the 
A.S.T.M. specifications for classification by 
rank and by grade, and these were unani- 
mously accepted by the associate commit- 
tee, 'with recommendation for their general 
use in Canada. This subject is covered 
by an official report which discusses the 
A.S.T.M. classifications and their applica- 
tion to Canadian coals. 144 The report con- 
tains a chart illustrating the application of 
the rank classification to coals from the 
various Canadian fields, with coal areas and 

144 Anon., Wat. Research Council Can. 3 Rept. 
814 (1989), 26 pp. 


caking properties identified. The effect of 
the A.S.T.M. classification on Canadian coal 
statistics and customs tariff is discussed. 

Use of Agglomerating Properties for 
Classification. According to the standard 
specifications 134 referred to in the preced- 
ing section, a coal cannot be classed as 
semianthracite unless it is nonagglomerat- 
ing. In the classification of coals near the 
borderline of the bituminous and subbitu- 
minous classes, a knowledge of agglomerat- 
ing properties is usually necessary. The 
specifications state: 

Pending the adoption of a method by the 
American Society for Testing Materials, the 
coke-button grading test 145 afforded by the 
examination of the residue in the platinum 
crucible incident to the volatile matter de- 
termination shall be used. 

If the carbonized residue from heating 1 
gram of coal in the standard volatile-matter 
test can be poured out of the crucible as a 
powder, or if it cannot support a 500-gram 
weight without being pulverized, the coal is 
classed as nonagglomerating. If, however, 
the coal produces a coherent residue which 
will support a 500-gram weight, or a but- 
ton showing swelling or coke structure, it is 
considered to be agglomerating. The prop- 
erties of the carbonized residue from the 
volatile-matter test has been utilized since 
the earliest attempts at coal classification. 
Further reference to caking, coking, and 
agglutinating properties will be made later 
in this chapter. 

Use of Weathering or Slacking Proper- 
ties. Information on weathering or slack- 
ing properties is often necessary for the 
classification of coals near the boundary be- 
tween the bituminous and subbituminous 
classes. Weathering refers to the tendency 
of low-rank coals to break apart when they 

145 Gilmore, R. E., Connell, G. P., and Nlcolls, 
J. H. H., Trans. Am. Inst. Mining Met Engrs 
108, 255-65 (1934). 
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dry out, the breakage being increased by 
repeated wetting and drying, as by expo- 
sure to weather. 

The A.S.T.M. specifications 134 state 
that, pending the adoption of an A.S.T.M. 
method, the weathering or slacking charac- 
teristics of coals shall be determined by 
the U. S. Bureau of Mines method, 146 
modified by using a standard humidity of 
30 to 35 percent. The method consists in 
air-drying lumps of coal 1 to 1.5 inches in 
size, immersing^hem in water, and again 
air-drying. The percentage of coal which 
then passes through a 0.263 square mesh 
screen, after deducting a blank sieving test, 
is the weathering or slacking index of the 
coal. If this amounts to more than 5 per- 
cent, the coal is considered to be weather- 
ing from the standpoint of classification. 

Stansfield, Lang, and Gilbart 147 have in- 
vestigated the effect of oven humidity on 
accelerated weathering tests of coal. Camp- 
bell, 148 in 1908, recommended weathering 
behavior as a criterion for differentiating 
between bituminous and subbituminous 
coal, the latter term having just been 
adopted for use in U. S. Geological Survey 
publications. He described and illustrated 
differences in the breakage by weathering 
of subbituminous coal and lignite. 102 Parr 
and Mitchell 149 discussed the slacking of 
bituminous coal and its interpretation, in- 
cluding the effect of bands of mineral 
charcoal, fusain, Seawright 150 has inves- 
tigated the slacking properties of South 

146 Fieldner, A. C., Selvig, W. A., and Fred- 
eric, W. H., U. 8. Bur. Mines , Rept . Investiga- 
tions 3055 (1930), 24 pp. 

147 Stansfield, E., Lang, W. A., and Gilbart, 
K. C., Trans. Am. Inst. Mining Met. Engrs ., 10S, 
243-53 (1934). 

148 Campbell, M. R., Econ. Geol., 3, 134-42 
(1908). 

149 Parr, S. W., and Mitchell, D. R., Ind. Eng. 
Chem ., 22, 1211-2 (1930). 

150 Seawright, W. V., £. Dakota Q-eol. Natural 
Hist. Surv ., Rept. Investigations 12 (1932), 14 
PP. 


Dakota coals, and Yancey, Johnson, and 
Selvig 151 * 152 have reported the slacking 
characteristics, agglutinating values, friabil- 
ity, etc., of about 100 coals from Washing- 
ton and othe^ states. Ramzin 153 has quali- 
tatively described the weathering character- 
istics of coals from various Russian fields. 

Moisture and Cod Classification. The 
A.S.T.M. standard specifications for the 
classification of coals by rank 134 provides 
for the classification of lignitic, subbitumi- 
nous, and high-volatile bituminous coals on 
the moist basis. When the coals contain 
visible moisture as sampled, they are 
brought to a standard condition of mois- 
ture equilibrium at 30° C over a saturated 
solution of potassium sulfate, an atmos- 
phere of 97 percent humidity, as suggested 
by Stansfield and Gilbart. 154 

Rees, Reed, and Land 155 have studied 
equilibration methods for determining mois- 
ture in Illinois coals for classification by 
rank. From various investigations of the 
general subject, it appears likely that some 
modification of the present A.S.T.M. pro- 
visions relating to moisture equilibration 
may prove desirable. 

Hicks 156 has studied the moisture sorp- 
tion of South Wales anthracite in an atmos- 
phere of 90 percent relative humidity, to 
determine whether this would provide a 
more accurate basis for classification than 
the ultimate analysis. This hope was not 
fulfilled, but a fairly good relation was 

151 Yancey, H. F., Johnson, K. A., and Selvig, 
W. A., U. 8 . Bur. Mines , Tech. Paper 512 (1932), 
94 pp. 

152 Yancey, H. F., and Johnson, K. A., Trans. 
Am. Inst. Mining Met. Engrs., 101, 171-96 
(1932). 

153 Ramzin, L. K., Proc. 2nd Intern. Conf. Bi- 
tuminous Coal, 1 , 925—35 (1928). 

154 Stansfield, E., and Gilbart, K. C., Trans. 
Am. Inst. Mining Met. Engrs., 101, 125-43 
(1932). 

155 Rees, 0. W., Reed, F. H., and Land, G. W., 
Illinois State Geol. Survey, Rept. Investigations 
58 (1939), 34 pp. 

156 Hicks, D., Fuel, 20, 106-17 (1941). 
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found between moisture sorption and car- 
bon and hydrogen contents of the anthra- 
cite. 

The general subject of moisture in coal is 
covered by a separate chapter, and only a 
few further references can be justified at 
this point. Ashley, 106 ' 109 Campbell, 102 * 105 
Stansfield, 126 ’ 154 and Thom 128 have em- 
phasized the desirability of classifying low- 
rank coals on the moist basis. 

Collier, 157 in 1903, used the ratio of mois- 
ture to fuel ratio for the classification of 
Alaskan lignites. Petrascheck 158 proposed 
the relative hygroscopicity of dry coal for 
the classification of brown coals. Kam- 
merer and Guth 159 stated that the hygro- 
scopic water content can be used for classi- 
fying various types of coal. Fisher 119 and 
Wong 120 graphed proximate analyses on a 
triaxial diagram which emphasizes the 
moisture content of the low-rank coals. 
Wang 121 has graphed moisture versus rank 
for forty Chinese coals. 

CORRECTING COAL ANALYSES TO THE 
MINERAL-MATTER-EREE BASIS 

The A.S.T.M. standard specifications for 
classification of coals by rank 134 require 
that analyses be calculated to the mineral- 
matter-free basis either by the Parr or ap- 
proximation formulas given in the specifi- 
cations. The purpose is to classify coals as 
nearly as possible on the basis of the pure 
coal substance, calculated free from varia- 
ble and accidental mineral impurities. 

Ash-Free Basis. More than a hundred 
years ago, Eegnault 66 calculated analyses 
to the ash-free basis for classification pur- 
poses, and it has been customary ever since 
to use some method of reducing the effect 

157 Collier, A. J., U. S. Oeol. 8urv ., Bull. 218 
(1903), 71 pp. 

158 Petrascheck, W., Braunkohle , 25, 761-4 
(1926). 

159 Kammerer, V., and Guth, J., Fuel , 2, 339- 
43 (1923). 


of impurities on coal analyses. A common 
method has been to calculate the analytical 
results to an ash-free basis, but this intro- 
duces substantial errors because the weight 
of ash obtained by ignition to constant 
weight is not the same as the weight of 
mineral impurities present in the original 
coal. This Js^due... principally to expulsion 
<oi water of hydration from the shaly im- 
^puritiesTthe conversion of iron -pyrites to 
iron oxide, and the expulsion of more or 
less carbon dioxide from carbonates. The 
total error resulting from these causes is 
usually too large to be ignored, and various 
procedures have been proposed for mini- 
mizing the errors. 

Use of Ratios. The use of ratios such as 
the “fuel ratio,” fixed carbon to volatile 
matter, or the carbon-to-hydrogen ratio, 
avoids the step of calculating analyses to 
an ash-free basis. However, it does not 
correct for certain errors due to mineral 
impurities. For example, the water of hy- 
dration which is evolved when shaly impur- 
ities are heated affects the volatile matter 
and hydrogen percentages, while carbonates 
may contribute carbon dioxide which affects 
volatile matter and carbon percentages. 
Fixed carbon, which is obtained by differ- 
ence, is affected by errors of both the vola- 
tile matter and ash percentages. 

Correction Formulas. The simplest way 
to minimize errors due to the presence of 
mineral impurities in coal is to use empiri- 
cal formulas to correct the analytical re- 
sults. Parr and Wheeler, 160 in 1909, pro- 
posed a formula for calculating the mineral 
matter in coal from the ash and sulfur per- 
centages, which is still accepted as standard. 
Later papers by Parr 81 - 125 confirmed and 
amplified the formulas, which assume that 
the percentage of mineral matter in coai is 

160 Parr, S. W., and Wheeler, W. F., J. Ind. 
Eng. Ohem., l, 636-42 (1909) ; Univ. Illinois t 
Eng. Expt. 8ta., Bull. 37, 1-67 (1909). 
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numerically equal to 1.08 ash plus 0.55 sul- 
fur. The actual formulas used for calculat- 
ing fixed carbon, volatile matter, and Btu 
to the mineral-matter-free basis are shown 
below. In the event of litigation, coal sam- 
ples containing more than 1 percent carbon 
dioxide occurring as carbonates must be 
floated on a heavy liquid to reduce the 
amount to less than 1 percent. An alter- 
native method involving sulfation of the 
ash of high-carbonate coals is also provided. 

Except in case of litigation, the A.S.T.M. 
specifications permit the use of approxima- 
tion formulas which are simpler to calcu- 
late and are of sufficient accuracy for most 
purposes. These approximation formulas 
were selected from a number proposed and 
tested by members of the classification 
committees. 161 They are included in the 
following excerpt: 134 


Calculation from ‘‘moist” basis: 

Parr Formulas : 

Dry, Mm-free F.C. 

F.C. - 0.158 

100 - (M + 1.08 A + 0.558) 
Dry, Mm-free V.M. 

— 100 — Dry, Mm-free F.C. 
Moist, Mm-free Rtu 


X 100 


100 


Btu — 508 
- (1.08 A -j- 0.558) 


X 100 


Note: The above formula for fixed carbon is 
derived from the Parr formula for volatile 
matter. 


Dry, Mm-free V.M. 

= 100 — Dry, Mm-free F.C. 

Moist, Mm-free Btu 

X 100 

100 - (1.1A + 0.18) 

where Mm = mineral matter. 

Btu — British thermal units. 

F.C. = percentage of fixed carbon. 

V.M. =* percentage of volatile matter. 

M — percentage of moisture. 

A — percentage of ash. 

8 — percentage of sulfur. 

Moist refers to coal containing its natural 
bed moisture but not including visible water 
on the surface of the coal. 

G. Thiessen 162 has compared the Parr 
and approximation formulas with values 
calculated from a consideration of the 
chemical analysis of the ash, for twenty- 
one coals. He also proposed 163 a modifica- 
tion of the Parr formula for calorific value, 
in which the constant for the sulfur correc- 
tion varied with the rank of coal. 

Barkley and Burdick 164 have presented 
a series of six charts for converting ordi- 
nary coal analyses on the moist or dry basis 
to the basis of results corrected by the Parr 
or approximation formulas. Cady and 
Rees 165 have discussed unit coal as a basis 
of standardization when applied to Illinois 
coals. 

Drakeley and Hepburn 166 studied the ef- 
fect of ash content on volatile matter by 
separating a coal into ten specific gravity 
fractions and determining volatile matter 


Approximation Formulas: 

Dry, Mm-free F.C. 

F.C. 

100 - (M + 1.1A + 0.18) X 1 ° 

161 Fieldner, A. C., Am. Soc. testing Materials , 
Sectional Committee on Classification of Coals , 
G-eneral Circ. 42, Sub-Comm. II, Rept. 7 (1983). 
Nicolls, J. H. H., Can. Dept. Mines, Branch, Fuel 
Research. Labs., Memo Regarding the Calculation 
of i( Pure-Fuel ,} Calorific Values of Nova Scotia 
and New Brunswick Coals, 1935, 14 pp. mimeo. 


162 Thiessen, G., Illinois State Geol. Survey, 
Rept. Investigations 32, 27-39 (1934) ; Am. Inst. 
Mining Met. Engrs ., Contrib. 68F (1934), 12 pp. 

163 Thiessen, G., Fuel, 12, 403-11 (1933) ; 

Illinois State Geol. Survey, Rept. Investigations 
32, 7-25 (1934). 

164 Barkley, J. F„ and Burdick, L. R., U. S. 
Bur. Mines , Information Circ. 6933 (1937), 6 pp. 

165 Cady, G. H., and Rees, O. W., Illmois State 
Geol. Survey, Rept. Investigations 32, 41-55 
(1934). 

166 Drakeley, T. J., and Hepburn, J. R. I., 
J . Soc. Chem. Ind., 43, 134-7T (1924). 
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on each. They concluded that this treat- 
ment produced a segregation of the petro- 
graphic constituents, so that such results do 
not permit a mathematical treatment of 
the problem. Formulas were presented for 
calculating the volatile matter of ash-free 
coal in the presence and absence of pyrites. 
- King, Maries, and Crossley 167 have sys- 
tematically discussed the errors resulting 
from the presence of various mineral im- 
purities in coal, and have proposed formu- 
las including their corrections for carbon, 
hydrogen, volatile matter, and Btu deter- 
minations. 

Seyler 79 recommended Parr’s unit coal 
basis for classification, with a modification 
of the sulfur correction, and with the pro- 
viso that the hydrogen equivalent of water 
liberated from the shaly impurities should 
be deducted from the organic hydrogen. 

Much of the published experimental evi- 
dence on correction formulas is based on a 
study of Btu determinations rather than on 
proximate and ultimate analyses. In 1898, 
Lord and Haas 168 recommended the H 
Btu, representing the ash-free, not mineral- 
matter-free, Btu corrected for the heating 
value of the sulfur in the coal. {Note: 
This should not be confused with another 
E value often used in recent years, which 
is simply Btu on the dry, ash-free basis.) 
The Parr formula for Btu has a correction 
factor for sulfur in the numerator. Drake- 
ley 169 investigated the relation between 
calorific value and ash yields for certain 
English coals and concluded that an aver- 
age factor of 1.125 was required to change 
the percentage of ash to mineral matter in 
the original coals. Purdon and Sapgirs 170 

167 King, J. G., Maries, M. B., and Crossley, 
H. E., J, Soc. Chem. Ind., 55, 277-SIT (1936). 

168 Lord, N. W., and Haas, F., Trans. Am. 
Inst. Mining Met. Engrs ., 27, 259-71 (1898) 

169 Drakeley, T. J., Trans. Inst. Mining Engrs. 
{London), 56, 45-56 (1918). 

170 Purdon, A., and Sapgirs, S., Fuel. 12, 40-6 
(1933). 


have reviewed various factors which have 
been proposed for changing the ash per- 
centage to mineral matter. 

Graphic Extrapolation. Brinsmaid, 171 in 
1909, proposed a graphic method for deter- 
mining the Btu of pure coal. He hand- 
picked coal samples into low-ash and 
higher-ash portions, made various mixtures 
of these, and determined the Btu of each 
mixture. When graphed, the results fell 
close to a straight line, which was extrapo- 
lated to give the Btu at zero ash. Brins- 
maid pointed out that errors in ultimate 
analysis occurred because of carbon dioxide 
and water derived from mineral impurities. 

Stansfield, 126 in 1925, adjusted analyses 
to a uniform 10 percent ash basis, in order 
to avoid too large corrections. This was 
done by interpolating on a curve of Btu 
versus ash, for float-and-sink fractions of 
coal. Stansfield and Sutherland 127 » 172 also 
used extrapolation to obtain Btu on a min- 
eral-matter-free basis, and they have de- 
scribed their technique in some detail. 
Stansfield, 173 in 1931, graphically showed 
the variation of the individual items of 
proximate and ultimate analysis, as well as 
Btu, with the ash percentage of sink-and- 
float samples, for a single coal. Most of the 
results fell on straight lines. 

Fieldner, Selvig, and Gibson 171 compared 
the corrected Btu values obtained by the 
Stansfield and Sutherland graphic extrapo- 
lation method with the results by the Parr, 
modified Parr, and ordinary dry, ash-free 
calculations, for seven coals. Close agree- 
ment was obtained by the graphic and Parr 

in Brinsmaid, W., J. Ind. Eng. Chem., 1 , 65-8 
(1909). 

172 Stansfield, E., and Sutherland, J. W., 
Trans. Am. Inst. Mining Met. Engrs., 88, 614-2(3 
(1930). 

173 Stansfield, E., Proe. Fuel and Coal Sym- 
posium, McGill Univ., Canada, 1931, 40 pp 

174 Fieldner, A. C, Selvig, W. A., and Gibson, 
F. H., Trans. Am. Inst. Mining Met. Engrs. 101, 
224-35 (1932) ; Fuel, 11, 306-12 (1932). 
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methods, using float-and-sink separations at 
1.38 specific gravity. Hertzog 175 studied 
comparative Btu corrections obtained by 
seven different methods on float-and-sink 
fractions from Alabama coals. He recom- 
mended, as the most reliable method, use of 
the “pure coal constant” calculated from 
the Btu value and yield of the float-and- 
sink fractions at 1.35 specific gravity. This 
constant (the change in specific gravity for 
each 1 percent ash) is multiplied by the 
percentage of ash, and added to the deter- 
mined Btu. This is the arithmetic equiva- 
lent of graphic extrapolation. 

Thiessen and Reed 176 compared the 
graphic extrapolation method with the Parr 
unit coal formula for determining corrected 
Btu, and they concluded that the values 
corresponded closely. They found no ad- 
vantage in the graphic method from the 
standpoint of accuracy, and it had the dis- 
advantages of requiring more work and 
not being applicable to ordinary published 
analyses. 

Both the graphic extrapolation method 
and much of the checking of correction for- 
mulas have been based on specific-gravity 
fractionation of coals. It has often been 
recognized that there was danger of segre- 
gation of both the coal and ash, and pos- 
sible effect of heavy-gravity solutions on 
the coal, which would vitiate the results. 
However, it has been found empirically 
.that, when Btu determinations are plotted 
against ash, the points nearly always fall 
close to a straight line, although some di- 
vergence has been reported both at the low- 
and high-specific-gravity ends. McCabe, 
Mitchell, and Cady 177 have reported on 

175 Hertzog, E. S., Fuel, 12, 112-7 (1933). 

176 Thiessen, G., and Reed, F. H., Illinois State 
Geol. Survey , Rept. Investigations 32, 57-99 
(1934) ; Fuel, 13, 167-75, 208-17 (1934). 

177 McCabe, L. C., Mitchell, D. R., and Cady, 
G. H., Illinois State Geol . Survey, Rept. Investi- 
gations 34, p. 45-61 (1934). 


this for certain Illinois coals and have em- 
phasized the deviation from a straight line 
by graphing the Btu of unit coal versus spe- 
cific gravity. They concluded that vitrain 
tended to concentrate in the light fractions, 
clarain in the intermediate, and mineral im- 
purities, and to some extent fusain, in the 
heavy. Tideswell and Wheeler 97 have em- 
phasized the advantages of purifying the 
coal by flotation or other mechanical means 
to remove as much as possible of the min- 
eral impurities before analysis. 

Acid Extraction of Impurities. Another 
method which has sometimes been used is 
to treat the coal with hot hydrofluoric and 
other acids to volatilize and extract the 
mineral impurities with minimum alteration 
of the coal substance. Fieldner, Selvig, 
and Taylor 178 have used this method for 
the determination of combustible matter in 
rocks. Turner 18 in cooperation with the 
U. S. Bureau of Mines 179 investigated the 
effect of acid treatment on anthracite and 
bituminous coals. Under the conditions 
used, residual ash was 0.1 to 1.4 percent, 
but the loss of unit-coal Btu and carbon 
averaged about 2 percent and hydrogen 
about 0.1 percent. The indications were 
that a technique could be developed to re- 
duce these losses. Karavaev and Rapo- 
port 180 used cold hydrofluoric acid for 24 
to 48 hours to minimize the risk of decom- 
posing organic material. 

GRAPHIC CORRELATION OF COAL 
CLASSIFICATION SYSTEMS 

Reference has already been made to the 
close relation which exists between ultimate 

178 Fieldner, A. C., Selvig, W. A., and Taylor, 
G. B., TJ. S. Bur. Mines, Tech. Paper 212 (1919), 

22 pp. 

179 Fieldner, A. C., Am. Soc. Testing Mate- 
rials, Sectional Committee on Classification o] 
Coal, Gen. Circ . 11, Sub-Comm. II, Rept. 2 
(1929). 

iso Karavaev, N. M., and Rapoport, I. B., 
Izvest. Teplotehh. Inst., 5, 31-4 (1929). 
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and proximate analyses and calorific values analysis will fall in approximately the same 

of coals. The situation is complicated by area of the lower portion of the diagram as 

the fact that more than ten different purity it will fall in the upper area when graphed 

(moisture, ash, sulfur, nitrogen) bases have according to fixed carbon and Btu. 

been proposed for comparing coal analyses This is illustrated by Fig. 7, which pre- 
for classification purposes. sents the analyses of forty samples of coal 

Multibasic Coal Charts . Rose 122 has de- of all ranks, ranging from peat to anthra- 

vised a diagram called the “multibasic coal cite, on the moist but ash-free basis. The 


Btu (Gross) Per Pound 
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Fig. 6. Multibasic coal chart, showing- method of construction. 

chart 5 ’ which permits convenient visual identity of each sample is given in the 

comparison of coal analyses graphed ac- original reference. It is seen that the sam- 

cording to fixed carbon, volatile matter, pies are arranged in the same order in the 

Btu, or ultimate analyses, on any purity upper and lower portions of the diagram, 

basis. and that they occupy about the same posi- 

Figure 6 shows the general construction tions in their respective areas, except for 
of the chart and provides enough informa- the curvature at the extreme right-hand or 
tion so that the whole chart, or any por- anthracite end of the upper diagram. 


Btu (Gross) Per Pound 



Fig. 7 . Comparison of one of Ashley’s classifications with ultimate analyses of same coals, on 
the multibasic coal chart. 


tion of it, may be duplicated by drawing in The use of the multibasic coal chart for 
the sloping lines on ordinary rectangular comparing various coal classifications is il- 

coordinate paper and adding the scales lustrated by Figs. 7, 8, and 9. The upper 

along the margins. To save vertical space, part of Fig. 7 shows the forty analyses di- 

the upper and lower halves may be cut vided according to one of Ashley’s classifi- 

away and overlapped as in Figs. 7, 8, 9, cations, 108 which uses fixed carbon, mostly 

and 10. The scales have been so selected in 7 percent steps, to classify ash-free sam- 

that a coal graphed according to ultimate pies containing natural bed moisture. 
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Figure 8 presents the same analyses on 
the dry, ash-free basis. The upper area 
shows the division of high-rank coals by 
fuel ratios according to one of Campbell’s 
proposals; 103 in the lower area the anal- 
yses after further recalculation to the sul- 
fur-free basis have been divided into groups 
according to the ultimate-analysis limits of 
the Gruner classification. 73 * 181 

In Fig. 9 the analyses graphed in the 
lower area are likewise on the dry, ash- 
free, and sulfur-free basis and have been 
classified according to one of Seyler’s pro- 
posals, 182 which has analysis limits slightly 
different from those in Table XII of this 
chapter. In the upper area of Fig. 9 the 
analyses are on the same purity basis ex- 
cept that the special Parr corrections have 
been applied and the coals are graphed ac- 
cording to one of Parr’s proposals. 125 

These examples show the value of this 
method for visually comparing different 
systems of coal classification based on 
proximate analysis, ultimate analysis, or 
Btu. 

Figure 10 illustrates the effect of recal- 
culating a single coal analysis to various 
purity bases. In the upper area the points 
fall on a straight line originating in the 
0 percent fixed carbon, 0 Btu corner. In 
the lower area, the points representing ul- 
timate analyses move in a straight line away 
from the 0 percent carbon, 0 percent hydro- 
gen corner when they are calculated free of 
ash, sulfur, or nitrogen, and they move in a 
straight line away from the point repre- 
senting water when they are calculated free 
of moisture. When the Parr corrections are 
applied, the points deviate slightly from the 
straight-line relationship. 

The multibasic coal chart appears to pro- 
vide the most satisfactory graphic method 

181 Gruner, E., and Bousquet, G., p. 16 of 
ref. 5. 

182 Seyler, C. A., p. 80 of ref. 74. 
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Fig. 8. Comparison of Campbell and Gruner classifications applied to the same coals, on the multibasic coal chart. 
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for comparing coal classifications, and it is 
also frequently desirable for presenting coal 
analyses for other purposes. The scales in 
these charts necessarily . represent a com- 
promise since they must apply to coals of 
all ranks and purity bases and since, for 
convenience in drawing the charts on rec- 
tangular coordinate paper, the scales must 
be uniform and represent simple multiples 
of each other. Nevertheless, the correlation 
of the location of points in the two areas is 
surprisingly good when analyses covering a 
considerable range in values are graphed. 

Other Graphic Correlations . Seyler 183 
has graphically compared his classification 
with that of Gruner and also 79 with that 
of Parr. Eose 56 compared the Seyler and 
Gruner classifications. 

Classification by Other Chemical 
and Physical Tests 

In addition to the classifications by rank 
which have already been mentioned based 
on proximate and ultimate analysis and 
Btu, many other bases have been proposed. 
Since they have found only limited accept- 
ance, and since the subject matter is cov- 
ered in more detail by other chapters, only 
brief reference will be made to some of 
these proposals. 

Extraction with Organic Solvents. Illing- 
worth 184 attempted to correlate Seyler’s 
classification according to ultimate analysis 
with the yields and characteristics of the 
pyridine extracts and residues from coking 
coals. The ulmin, alpha, beta, and gamma 
compounds were discussed in terms of the 
carbon-to-hydrogen ratio, coke yields, ther- 
mal stability, etc. Iki 185 investigated simi- 

iS3 Seyler, C. A., pp. 44-5 of ref. 74. 

184 Illingworth, S. R., Fuel, 1, 3-6, 17-9, 33-5, 
49-51, 65-7, 89-90, 213-8 (1922) ; Iron & Goal 
Trades Rev., 104, 575 (1922) ; Gas World, 00, 
Coking Section, 18-20 (1929). 

185 Iki, S„ Fuel, 9, 412-20 (1930). 



EXTRACTION WITH ALKALIES 


lar characteristics of twenty-three Japanese 
coals. 

Bone and his associates 186 have studied 
the extraction of coal with reference to its 
coking properties and rank, using samples 
ranging from brown coals and lignites to 
strongly coking bituminous coals. 

Fischer, Broche, and Strauch 187 ex- 
tracted coals of noncoking subbituminous 
to strongly coking semibituminous rank, 
with benzene under pressure at 285° C, and 


Rose and Hill, 189 in a patent application 
filed in 1926, disclosed their discovery that 
coking coals could be almost completely dis- 
solved at atmospheric pressure in hot an- 
thracene oil and other related solvents, with 
subsequent recovery of the coal freed from 
insoluble mineral impurities, fusain, etc. 
The corresponding French patent 190 was 
issued in 1929 and was followed by Euro- 
pean work on the general subject, e.g., by 
Gillet and Pirlot. 191 
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Fig. 10. Effect of calculating coal to various purity bases, on location of analysis on multi- 
basic coal chart. 


attempted to correlate the properties of the 
residue and extract with the coking and 
swelling properties of the coals. Stadni- 
koff 48 distinguished between humic or com- 
mon bituminous coals and boghead coals, 
partly by the fact that humic coals give a 
large yield of bitumen by extraction with 
organic solvents whereas boghead coals give 
a very small quantity, particularly if they 
are of the compact type. Laminated bog- 
heads give a somewhat higher yield of bitu- 
men. Donath 188 stated that benzene would 
yield more than 30 percent extract from 
brown coals but only 0.5 to 1 percent with 
bituminous coals, the solution in the latter 
case being fluorescent. 

186 Bone, W. A., Pearson, A. R., Sinkinson, E., 
and Stockings, W. E., Proc. Roy. Soo. {London), 
lOOA, 582-98 (1922). Bone, W. A., Pearson, 
A. R., and Quarendon, R., ibid., 105A, 608-25 
(1924). Bone, W. A., Horton, L., and Tei, L. J., 
ibid., 120A, 523-45 (1928). 

187 Fischer, F., Broche, H., and Strauch, J., 
Brennstoff-Chem ., 5, 299-301 (1924), 6, 33-43 
(1925). 

188 Donath, E., Braunkohle , 25, 315-19 (1926). 


Davis and Reynolds 192 investigated the 
benzene-pressure extraction of six different 
kinds of coal that are industrially coked. 
Kester 193 discussed the significance of sol- 
vent analysis applied to coal and the lack 
of unity and standardization in the work 
which has been done to date. (See Chap- 
ter 19.) 

Extraction with Alkalies. Stansfield and 
Gilbart 194 fused coals with solid KOH with 
exclusion of air and determined the ex- 
tracted ulmins by precipitation or titration. 
There was little differentiation between an- 
thracitic and bituminous coals, but the sol- 

189 Rose, H. J., and Hill, W. H., TJ. S. Pat. 
1,925,005 (1933). 

190 Rose, H. J., and Hill, W. H., Fr. Pat. 660,- 
ITT (1929). 

191 Gillet, A., and Pirlot, A., Bull. soo. chim. 

Belg., 41, 511-20 (1932) ; Fuel, 15, 124-7 

(1936). 

192 Davis, J. D., and Reynolds, D. A., Ind. 
Eng. Ghem., 21, 1295-8 (1929). 

193 Kester, E. B., Fuel, 10, 277-85 (1931). 

194 Stansfield, E., and Gilbart, K. C., Trans. 

Am. Inst. Mining Met. Engrs., 101, 165-9 

(1932) ; Fuel, 11, 347-9 (1932). 
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uble ulmins differentiated lower-rank coals 
much more strikingly than ordinary chemi- 
cal analyses, apparently emphasizing geo- 
logical age rather than rank. 

European investigators have frequently 
used alkali extraction to differentiate be- 
tween peat, brown coal, lignite, and bitu- 
minous coal. 195 ’ 196 The second part of 
reference 195 describes the examination of 
a number of specimens and contains a bib- 
liography of papers dealing with the reac- 
tions and properties of peat and brown 
coal. The proportions of pentosans in peat 
and brown coal were found to differ greatly 
and to afford a means of differentiation. 
The reducing effect of peat extracts is a 
qualitative reaction. 93 ’ 197 

Zhemchuzhnikov and ErgoPskaya, 198 in 
discussing a proposal of Koshkin and To- 
karev, 199 stated that classification of coals 
by the content of humic acids extracted 
under pressure of 25 atmospheres with al- 
kali is not justified because of other reac- 
tions which may occur. 

Adsorption. Moore and Sinnatt 200 
studied the retention of aromatic hydro- 
carbon vapors by anthracite, bituminous 
coal, peat, gas coke, and charcoal. Cho- 
razy 201 found that the adsorption of pyri- 
dine vapor by coal was inversely propor- 
tional to the carbon-to-hydrogen ratio up 
to 20, beyond which adsorption was insig- 
nificant. Petrographic constituents were 

195 Strache, H., Brennstoff-Chem 3, 311-2 
(1922). Donath, E. f and Lissner, A., Braunkohle , 
27, 257-64 (1928). 

196 Gothan, W., ibid., 24, 1128-35 (1926). 

197 Gothan, W., Pietsch, K., and Petrascheek, 
W., ibid., 26, 669-74 (1927). Dolch, M., and 
Dietzel, E., Z. oberschles. berg- u. hiittenmann. 
Ver. Katowice, 68, 118-24 (1929). 

198 Zhemchuzhnikov, Y. A., and Ergol’skaya, 
Z. V., KMm. Tverdogo Topliva, 7, 513-6 (1936). 

199 Koshkin, N. V., and Tokarev, V. P., ibid., 
7, 516-20 (1936). 

200 Moore, B., and Sinnatt, F. S., Fuel , 6, 
312-8 (1927). 

201 Chorazy, M., Przemysl Chem., 15, 233-70 
(1931). 


included in the study. The quantity of 
pyridine vapor adsorbed was closely pro- 
portional to the content of pyridine-ex- 
tractible substances. This was confirmed 
by Bunte, Bruckner, and Simpson, 202 who 
likewise believed that the degree of coalifi- 
cation may be measured by methods based 
on colloidal properties of the coal. Maier 
and Tsukerman 203 determined adsorptive 
ability for pyrimidine vapor. 

Pentegov and Nyankovskii 204 ’ 205 differ- 
entiated brown and bituminous coals by 
their adsorptive powers for oxalic acid, fer- 
ric chloride, and methylene blue, and cor- 
related adsorption with gas yield, ether- 
soluble hydrogenation products, weather- 
ing, and spontaneous combustion. 

Starczewska 206 correlated methylene blue 
adsorption with rank, the greatest adsorp- 
tion being for noncaking, gas-flame coals. 
Petrographic constituents were included in 
the tests. Maier and Tsukerman 203 stated 
that methylene blue adsorption can be uti- 
lized only for low-rank coals which have no 
caking properties. Ermolenko and Ginz- 
burg 207 studied the adsorption activity of 
peat, brown coal, and anthracite with iodine 
and oxalic acid. Syskov and Ushakova 208 
reported that the nature and degree of oxi- 
dation of a coal can be evaluated by its ad- 
sorbing power towards aqueous barium hy- 
droxide, with results intermediate between 
those of the fresh coal and lignite, but that 

202 Bunte, K., Bruckner, H., and Simpson,* H. 
G., Fuel, 12, 268-70 (1933). 

203 Maier, L. M., and Tsukerman, L. E., Khim. 
Tverdogo Topliva, 8, 647-62 (1937). 

204 Pentegov, B. P., and Nyankovskii, R. N. f 
Pub. Far East. State Univ. ( Vladivostok ), 7, 
No. 6 (1927), 18 pp. 

205 Pentegov, B. P., ibid., 7, No. 12, 1929, 
pp. 3-28. 

206 Starczewska, H., Pr&emysl Chem., 18, 556- 
60 (1934). 

207 Ermolenko, N. F., and Ginzburg, D. Z., 
BelarusTcaya Ahad. NavuJc. Inst. Khim. Sbornik 
Prats., 1, 143-65 (1934). 

208 Syskov, K. I., and Ushakova, A. A., Khim. 
Tverdogo Topliva, 8, 692-702 (1937). 
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aqueous solutions of iodine, oxalic acid, or 
methylene blue are not suitable for this 
purpose. 

Stadnikoff and Proskurnina 209 suggested 
the adsorption of ferric hydroxide from 
aqueous ferric chloride as a quantitative 
means of defining peat, lignite, and coal. 
Kreulen 210 pointed out that the size of 
particles must be standardized in this test. 
Pentegov and Nyankovskii 204 stated that 
determinations using ferric chloride or 
methylene blue but not oxalic acid must 
be made with freshly pulverized coal, as 
the adsorptive capacity varies greatly with 
storage. Springer and Abele 211 believed 
that the adsorption of ferric chloride is an 
unreliable index for the differentiation of 
peat and lignite, and they preferred to use 
the pentosan content, which is very rarely 
less than 2 percent for peat or greater than 
1 percent for lignite. Krym and Pan- 
chenko 212 presented results to show that 
the action of coal on ferric chloride is re- 
duction rather than adsorption of ferric 
hydroxide. 

Wet Oxidation. Francis and Wheeler 213 
pointed out that the “rational analysis” of 
coal in terms of free hydrocarbons, resinous 
compounds, organized plant entities, and 
ulmin compounds is not sufficient to specify 
the quality of the coal. It is also necessary 
to take into account the fact that the ulmin 
compounds vary in composition from coal 
to coal. The percentage of soluble prod- 
ucts produced by treatment with potassium 
chlorate determines the reactivity index, 
which is related to the carbon content of 

209 Stadnikoff, G., and Proskurnina, N., Brenn- 
stoff-Chem 7, 197-9 (1926), 8, 305-6 (1927). 

210 Kreulen, D. J. W., ibid., 7, 331-2 (1926). 
• 211 Springer, U., and Abele, G., ibid., 8, 117-20 
(1927). 

212 Krym, V. S., and Panchenko, S. I., ibid., 
10, 63-5 (1929). 

213 Francis, W., and Wheeler, R. V., J. Chetti. 
Soc 131, 2967-79 (1928). 


coals. Francis and Morris 214 investigated 
the oxidizability by several agents of Amer- 
ican coals from thirty-two sources, varying 
from lignite to low-volatile bituminous in 
rank. They concluded that the quickest 
and probably the most accurate method of 
estimating the reactivity of coals is to de- 
termine the percentage rate of formation of 
soluble ulmins during pressure oxidation in 
an aqueous solution of hydrochloric acid 
and potassium chlorate. This procedure 
placed the coals in almost the same order 
as atmospheric oxidation. The higher the 
rank of coal, the harder it is to oxidize, 
with some exceptions for coals of low rank. 

Francis 57 stated that the carbon content 
of the ulmin is a measure of the “rank” of 
the coal and that it can best be determined 
on the vitrain constituent, corrected for the 
resins and hydrocarbons present. 

Kreulen 215< 216 determined the oxidiza- 
bility of thirty-six coals having 38.7 to 3.0 
percent volatile matter, by means of potas- 
sium permanganate, and found that oxida- 
tion tended to decrease progressively with 
volatile matter. From tests on sixty coals 
he concluded that the humic acid factor 
varied from 0 to 360 and could be corre- 
lated with Btu, ultimate analysis, coking 
properties, and primary tar yield. Heath- 
coat 217 proposed the “permanganate num- 
ber,” determined with alkaline potassium 
permanganate, as a quick method for gag- 
ing the rank of coal. Olin and Water- 
man 218 found a marked correlation be- 
tween the permanganate number of a coal 
and its rank. Thirty United States coals 
gave results ranging from 135 for a South 
Dakota lignite to 3 for a Pennsylvania an- 

214 Francis, W., and Morris, H. M., V. S. Bur. 
Mines, Bull. 340 (1931), 44 pp. 

215 Kreulen, D. J. W., Brennstoff-Chem 10 , 
397-400 (1929). 

216 Kreulen, D. J. W., ibid., 15, 11-2 (1934). 

217 Heathcoat, F., Fuel , 12, 4-9 (1933). 

218 Olin, H. L., and Waterman, W. W., hid. 
Eng. Chem., 28, 1024-5 (1936). 
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thracite. Bone and associates 219 pointed 
out that the proportion of benzenoids after 
the alkaline permanganate oxidation of 
coals seemed to indicate that the propor- 
tions of benzenoids increase in the series 
peat to anthracite. 

Juettner 220 used nitric acid followed by 
alkaline permanganate solution for obtain- 
ing the maximum yield of mellitic acid 
(benzenehexacarboxylic acid) from six coals 
ranging from high-volatile bituminous to 
anthracite in rank, also from various cokes, 
carbons, and pitches. The yield of mellitic 
acid increased with rank. Kent 78 deter- 
mined the humic acid yield by alkaline per- 
manganate oxidation of low-hydrogen, low- 
rank coals from Australia. 

Winter 221 referred to schungite and other 
naturally occurring substances intermediate 
between anthracite and graphite, stating 
that, like anthracite, it does not yield in- 
soluble graphitic acid when oxidized with 
nitric acid and potassium chlorate. Go- 
than, 196 in describing tests for differentiat- 
ing bituminous coal, brown coal, and peat, 
said that brown coals almost always give a 
positive ‘‘lignin test,” that is, a red-colored 
liquid on boiling with dilute nitric acid. 
Petrascheck 158 stated that, in some cases, 
samples from the same brown coal deposits 
give different results in the lignin test. 
Donath 188 stated that brown coal is char- 
acteristically converted to humic acid at 
70° C by dilute nitric acid. Bode 222 has 
proposed a modification of the test. Fran- 
cis and Morris 214 investigated the nitric 
oxidation of American coals of various 
ranks. 

219 Bone, W. A., Parsons, L. G. B., Sapiro, R. 
H., and Groocock, C. M., Proc. Roy. Soc. (Lon- 
don), 148A, 492-522 (1935). 

220 Juettner, B., J. Am. Chem. Soc., 59, 1472-4 
(1937). 

221 Winter, H., Gliickauf, 60, 1-6 (1924). 

222 Bode, H., Braunkohle , 29, 982-9 (1930). 


Eccles and McCulloch 223 chlorinated 
twenty-nine different coals and compared 
the results with Seyler's classification ac- 
cording to ultimate analysis. 

Kidokoro and Shirane 224 treated coal 
with a solution of sodium peroxide at 50 
to 60° C, and another portion with concen- 
trated sulfuric acid at 100° C, followed by 
an acid solution of potassium dichromate at 
room temperature. From the results they 
derived the “brown coal,” “stone coal,” and 
“anthracite coal” numbers, in order to iden- 
tify rank. Experiments on oxidation and 
spontaneous combustion were included. 

Slow Combustion. The literature on at- 
mospheric weathering and combustion of 
coal, as related to rank, is too extensive for 
coverage here. (See Chapters 18 and 33.) 
Francis 225 classified coals on the basis of 
ulmins produced by the oxidation of coal 
by dry air at 150° C, and also with nitric 
acid, using sixteen coals. Francis and Mor- 
ris 214 also used atmospheric oxidation and 
nitric acid on a series of coals. Stansfield, 
Lang, and Gilbart 226 investigated the effect 
of oxidation of coals of various ranks due 
to storage and oven-drying of samples used 
for analysis and presented results on me- 
tering the quantity of oxygen absorbed dur- 
ing the ball-milling of twenty-four coals 
ranging from medium-volatile bituminous 
to subbituminous C coal. In general, there 
was good correlation between oxygen ab- 
sorption and rank of coal. 

Kreulen’s proposal 227 to classify coals by 
means of the ignition temperature in oxy- 

223 Eccles, A., and McCulloch, A., Fuel, 10, 
308-19 (1931). 

224 Kidokoro, T., and Shirane, G., J. Fuel Soc. 
Japan, 9, 43-9 (1930). 

225 Francis, W., Trans. Am. Inst. Mining Met. 
Engrs ., 88, 438-56 (1930). 

226 Stansfield, E., Lang, W. A., and Gilbart, 
K. C., Trans. Am. Inst. Mining Met. Engrs., 108, 
243-54 (1934) ; Fuel, 15, 12-4 (1936). 

227 Kreulen, D. J. W., Chem. WeekUad, 29, 
201-4 (1932). 
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gen has been critically discussed by Pieters 
and Koopmans. 228 

Hydrogenation. The U. S. Bureau of 
Mines has systematically investigated the 
hydrogenation of all ranks and types of bi- 
tuminous coals, as well as petrographic 
constituents. 34 ' 35 » 59 * 229 These papers give 
the source, proximate and ultimate analysis 
of the coals hydrogenated, hydrogenation 
data and yields, and the composition of the 
gases, distillates, pitches, and residues ob- 
tained. The yields of primary tar or pitch 
from anthraxylon (vitrain) were directly 
proportional to the carbon content of the 
original samples up to about 89 percent 
carbon, but coals with more than 89 per- 
cent carbon on the dry, ash-free basis were 
less easily liquefied. Even when the aver- 
age carbon content of a coal is low, its 
opaque constituents — opaque attritus and 
fusain — have a high carbon content and are 
incompletely liquefied. Yields can be pre- 
dicted from a knowledge of rank and pet- 
rographic composition. About the same 
amount of hydrogen is required to liquefy 
coals, regardless of rank, but the amount 
and nature of the products obtained vary. 

Warren, Bowles, and Gilmore 230 have 
reported results of hydrogenation tests on 
nine Canadian coals ranging from lignite 
to medium-volatile bituminous rank. With 
one exception, the rank of coal had a fairly 
consistent influence on the yields. For ad- 
ditional information on coal hydrogenation, 
see the separate chapter on this subject 

228 Pieters, H. A. J. } and Koopmans, H., Hid., 
30, 374-5 (1933). 

229 Fisher, C. EL, Sprunk, G. C., Eisner, A., 
Clarke, L., and Storch, H. H., Fuel, 18, 132-41, 
196-203 (1939) ; Ind. Eng. Ohem., 31, 190-5, 
1155-61 (1939). Eisner, A., Sprunk, G. C., 
Clarke, L., Fisher, C. EL, and Storch, H. EL, Hid., 
32, 73-8 (1940). Storch, H. H., Hirst, L. L., 
Fisher, C. H., Sprunk, G. C., U. 8 . Bur. Mines, 
Tech. Paper G22 (1941), 110 pp. 

230 Warren, T. E., Bowles, K. W., and Gilmore, 
R. E., Ind. Eng. Chem., 31, 1021-5 (1939). 
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(Chapter 38), and the extensive bibliogra- 
phies in the above references. 

Friability and Grindability of Coal. 
Various tentative standard methods are 
available for comparing the strength of 
coals. These cover the drop shatter 
test, 231 the tumbler test, 232 the grindability 
by ball mill, 233 and Hardgrove-machine 234 
methods. (See Chapter 5.) Many articles 
have been published in connection with the 
development of these methods, which are 
still tentative and are being actively studied 
for revision. Weathering or slacking prop- 
erties have already been mentioned, and 
coal sizes in relation to commercial classi- 
fication will be discussed later. 

Pishel 235 studied the adherence of coals 
to an agate mortar when ground, and 
from tests on 150 samples ranging from 
lignite to anthracite proposed this as a 
test for coking properties. 

Color. Campbell, 148 in 1908, suggested 
color for the separation of lignite and sub- 
bituminous coals, the former being brown 
and the latter black. He objected to the 
use of the brown streak test as including 
both lignite and subbituminous and prob- 
ably some bituminous coals. Bode 93 ' 222 
and Gothan 196 referred to the streak on 
porcelain, which is usually black for bitu- 
minous coals and brown or brownish black 
for coals of lower rank. 

Reflectivity. Hoffmann and Jenkner 236 
observed vitrain by reflected light under 
the microscope with a microphotometer, 
and they concluded that reflection was di- 
rectly proportional to coalification. Under 

231 Am. Soc. Testing Materials, Standards, Pt. 
Ill, D440-37T, p. 570, 1939. 

232 Ibid., D441-37T, p. 576. 

233 IUd., D408-37T, p. 562. 

234 IUd., D409-37T, p. 566. 

235 Pishel, M. A., Econ. Geol. , 3, 265-7 (1908). 

236 Hoffmann, E., and Jenkner, A., G-liicTcauf, 
68, 81-8 (1932). Hoffmann, E., ibid., 68, 523 
(1932). Jenkner, A., and Hoffmann, E., Brenn - 
stoff-Chem., 13, 181-7 (1932). 
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polarized light, coal sections of increasing 
rank exhibited an increasing anisotropy. 
Polarized light was also advantageous for 
the detection of durain. Zhemchuzhni- 
kov 237 found that coal luster increased 
with decreasing volatile matter. A vola- 
tile matter range of 2 to 46 percent was 
investigated. (See Chapter 7.) 

Other Physical Constants. McCabe 58 
studied physical evidence of the develop- 
ment of rank in vitrain, or anthraxylon, 
in fifteen coals, mostly high-volatile bitu- 
minous A, B, and C coals from Illinois, but 
including lignite, subbituminous, and me- 
dium-volatile bituminous coals. He found 
that the angle of polarization and refrac- 
tive index varied systematically with rank. 
X-ray diffraction patterns and electrical 
resistivities were determined. Corriez 238 
found that X-ray patterns were an effi- 
cient means of distinguishing between per- 
anthracites, which have a marked crystal- 
line structure, and anthracites. (See Chap- 
ter 7.) 

Ewing and associates 239 determined that 
the electrical resistance of solid specimens 
of Pennsylvania anthracite varied more 
than a million times over a range in vola- 
tile matter of 9.o to 3.5 percent. Semi- 
anthracite of 9.5 percent volatile matter 
had high resistivity similar to a sample of 
27 percent volatile matter bituminous coal. 
Lebeau 240 studied the electrical and many 
other properties of peranthracites and 
anthracites. Sinnatt and Macpherson 241 

237 Zhemehuzhnikov, Y. A., Inst. Meklianiches- 
koi OVrabotki PoleznuikK Iskopaemuikh “Mek- 
hanolr ” 15 yrs. Socialistic Ind. Service , 1, 37-51 
(1935). 

238 Corriez, P., Gompt. rend., 199, 410-2 
(1934). 

239 Ewing, M., Crary, A. P., Peoples, J. W., 
and Peoples, J. A., ,Tr., Trans. Am. Inst. Mining 
Met. Engt's 119, 472-6 (1936). 

240 Lebeau, P., Gompt. rend., 197, 1234-6 
(1933). 

241 Sinnatt, P. S., and Macpherson, H., Fuel, 3, 
12-4 (1924). 


published values for the thermal conduc- 
tivity and specific heat of various coals 
and associated materials. 

Classification by Grade 

A.S.T.M. standard specifications for 
classification of coals by grade 135 cover 
quality as determined by size, calorific 
value, ash content, ash-softening tempera- 
ture, and sulfur. 

Size is designated in accordance with an 
A.S.T.M standard method, 130 which should 
be consulted for details. , The calorific 
value is expressed in hundreds of Btu to 
the nearest hundred, on the basis of coal 
as sampled. The remaining symbols for 
grading coal are summarized in Table XV. 

The standard specifications for classifi- 
cation of coals by rank and by grade pro- 
vide symbols for presenting a condensed 
description of the coal. Thus, 

(62-146), 2-4 in., 132-A8-F24-S1.6 

refers to a high-volatile A bituminous coal 
having 61.5 to 62.4 percent fixed carbon 
on the dry, mineral-matter-free basis, and 
14,550 to 14,649 Btu on the moist, mineral- 
matter-free basis. Round-hole screens 
w r ould retain more than 80 percent by 
weight of the sample between 2- and 4-ineh 
screens. The Btu as sampled ranged be- 
tween 13,150 and 13,249, the ash between 
6.1 and 8.0 percent, the ash-softening 
temperature between 2,400 and 2,590° F, 
and the sulfur between 1.4 and 1.6 percent, 
inclusive. Further reference to grade 
classification is included later in this chap- 
ter under marketing practice. 

Classification According to Use 

Coals of various types, ranks, and grades 
have very different degrees of suitability 
for specific uses and types of equipment. 
Since a variety of coals are available in 
most industrial regions, there has been a 
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Symbols for Grading Coal According to Ash, Softening Temperature of Ash, and Sulfur 
Where Analyses Are Expressed on Basis of the Coal as Sampled. 135 


Ash * 

Softening Temperature of Ash f 

! Sulfur * 

Symbol 

Percent, J 
Inclusive 

Symbol 

Degrees Fahrenheit, 
Inclusive 

Symbol 

Percent, 

Inclusive 

A4 

0.0 to 4.0 

F28 

2,800 and higher 

SO. 7 

0.0 to 0.7 

A6 

4.1 to 6.0 

F26 

2,600 to 2,790 

S1.0 

0.8 to 1.0 

AS 

6.1 to 8.0 

P24 

2,400 to 2,590 

SI. 3 

1.1 to 1.3 

A10 

8.1 to 10.0 

F22 

2,200 to 2,390 

SI. 6 

1.4 to 1.6 

A 12 

10.1 to 12.0 

F20 

2,000 to 2,190 

S2.0 

1.7 to 2.0 

A 14 

12.1 to 14.0 

F20 minus 

less than 2,000 

S3.0 

2.1 to 3.0 

A 16 

14.1 to 16.0 



S5.0 

3.1 to 5.0 

A18 

16.1 to 18.0 



S5.0 plus 

5 . 1 and higher 

A20 

18.1 to 20.0 





A20 plus 

20. 1 and higher 






* Ash and sulfur shall be reported to the nearest 0.1 percent by dropping the second decimal figure 
when it is 0.01 to 0.04, inclusive, and by increasing the percentage by 0.1 percent when the second 
decimal figure is 0.05 to 0.09, inclusive. For example, 4.85 to 4.94 percent, inclusive, shall be con- 
sidered to be 4.9 percent. 

t Ash-softening temperatures shall be reported to the nearest 10 F ; for example, 2,635 to 2,644 F, 
inclusive, shall be considered to be 2,640 F. 

t For commercial grading of coals, ranges in the percentage of ash smaller than 2 percent are com- 
monly used. 


continuing effort throughout the world to 
correlate chemical and physical factors as 
determined in the laboratory with prac- 
tical operating results, in order to facilitate 
the selection of coals for each use. 

The most comprehensive undertaking 
has been a report 242 on technical factors 
recommended for consideration in the selec- 
tion of coal and their relative importance, 
which was prepared in connection with the 
work of A.S.T.M. coal-classification com- 
mittees. All uses of coal were divided into 
25 principal categories, which were further 
subdivided into 183 specialized uses or con- 
ditions of use. Each of these was then 
considered with respect to 33 different 
coal-selection factors (e.g., rank, grade, 

242 Anon., “Factors Recommended for Consid- 
eration in the Selection of Coal,” No. 21, 2nd 
Ed., Nat. Assoc. Purchasing Agents, 11 Park 
Place, New York, N. Y., 1936, 21 pp. 


moisture, ash, sulfur, size, weathering, etc.), 
which were rated in four degrees from 
“very essential” to “not important.” The 
resulting ratings, which cover some 6,000 
items, were based on opinions obtained by 
the questionnaire method from technical 
experts familiar with the various uses. 

Though this report indicates the relative 
importance of each coal-selection factor 
for the various uses or operating conditions, 
it does not give any numerical limits. Eor 
example, in bituminous coal to be burned 
on a chain grate stoker under excessive 
load, the correct size and caking properties 
are stated to be “very essential,” but there 
is no suggestion as to what the size or 
caking properties should be. In such coal, 
also, moisture is considered to be of “more 
than ordinary importance,” ash-softening 
temperature is of “ordinary importance,” 
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and sulfur percentage is “not important.” 
Reference is made to test methods or speci- 
fications whereby the various factors used 
in coal selection can be measured for par- 
ticular coals. 

This report does not show the buyer 
what coal to select, but it does serve as a 
detailed check list which points out the 
factors which need to be given special 
consideration, as well as the factors which 
are less important or unimportant when 
writing specifications. It was considered 
impractical to set up numerical limits for 
each factor and operating condition. No 
ready-made classification can replace the 
judgment of an experienced combustion 
engineer or fuel technologist who is able to 
combine technical aspects with the eco- 
nomic factors which apply at each indi- 
vidual plant. Full-scale plant tests are 
often necessary before a final decision is 
made. 

Publications classifying or describing the 
factors important to each use of coal are 
far too numerous for comprehensive re- 
view here, and only a few will be men- 
tioned. 

Steam Generation. Flagg 243 in discuss- 
ing the classification of coal from the stand- 
point of the steam power consumer has 
pointed out that it is possible to design 
and construct stationary boiler plants so 
that they can be operated with whatever 
coal is the most economical supply there- 
for. However, once a plant is built, it 
should be supplied with fuel of appropriate 
quality, depending upon the type of equip- 
ment and operating conditions which exist. 

In 1934, a joint committee on fuel values, 
consisting of seventeen A.I.M.E. and A.S. 
M.E. members, reported: 

After careful consideration of the combi- 
nation of qualities of coal available, the va- 

243 Flagg, S. B., Trans. Am. Inst. Mining 
Met. Engrs., 88, 477-80 (1930). 


riety of plant characteristics, and the inter- 
relation of these factors, the Committee is 
convinced that it is impossible to set up any 
scale of values, or to devise any formula for 
general application that will accurately re- 
flect the relative values of different coals 
for steam generation . 244 

The report lists a large number of fac- 
tors which need to be considered when 
evaluating coal for a particular plant. 

Barkley and Burdick 245 correlated the 
agglutinating value of twenty-five coals 
with their coking action in natural- and 
forced-draft equipment, both hand- and 
stoker-fired. They concluded that agglu- 
tinating values can serve the experienced 
user in anticipating coal-burning character- 
istics. 

Ostborg, Limbacher, and Sherman 240 
reported that, in checking the performance 
of coals on large underfeed stokers, an 
electric utility company uses the British 
standard method for the crucible swelling 
test for coal. Macfarlane and McAul- 
iffe 247 have discussed classification of rail- 
road fuels, and their selection and use. 
Nicholls and others 248 discussed the selec- 
tion of all ranks of solid fuels for house- 
hold use and their performance in house- 
heating boilers. Rose and Lasseter 249 
graphically studied the smoke-producing 
tendencies in coals of various ranks, in- 
cluding data from the preceding reference. 

244 Gould, G. B., Mining and Met., 16, 62-4 
(1935). 

245 Barkley, J. F., and Burdick, L. R., Power 
Plant Eng., 38, 132-4 (1934). 

246 Ostborg, H. N., Limbacher, H. R., and Sher- 
man, R. A., Am. Soc. Testing Materials, Preprint 
81 (1942), 14 pp. 

247 Macfarlane, M., Trans. Am. Soc. Mech. 
Engrs., 50, 157-60 (1928). McAuliffe, ID., and 
Macfarlane, M., Trans. Am. Inst. Mining Met. 
Engrs., 88, 461-4 (1930). 

248 Nicholls, P., Flagg, S. B., and Augustine, 
C. E., U. 8. Bur. Mines, Bull . 276 (1928), 70 pp. 
Nicholls, P., Trans. Am. 8oc. Meat. Vent. Engrs., 
45, 257-68 (1939). 

249 Rose, *H. J., and Lasseter, F. P., ibid., 45, 
329-38 (1939). 
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Rose 250 compared the characteristics of 
anthracite with other domestic fuels. 

Seyler 84 correlated his 'classification ac- 
cording to ultimate analyses with such fac- 
tors as proximate analysis and Btu, flame 
temperature and intensity, and volume of 
flue gases.. King and Frisby have discussed 
the selection of industrial coal from the 
English standpoint. 251 Matyushenko 252 
has discussed the industrial classification of 
coals, based on a study of 2,200 Russian 
coals, which included the determination of 
various chemical and physical factors, a 
special burning test on grates to determine 
the reactivity and degree of deformation 
of coal under heat, and resistance to ther- 
mal shock. 

Gas Manufacture. Fulweiler and Franck- 
lyn discussed the classification of coals 
used by the gas industry. 253 Pettyjohn 254 
has reported on the evaluation of bitumi- 
nous coals for use in water-gas generators. 
This included the results of chemical anal- 
ysis, shatter, agglutinating, and thermal- 
shock tests on eighteen gas coals. Wright, 
Newman, and Gauger 255 have investigated 
the resistance of anthracite to mechanical 
and thermal shock, primarily in connection 
with its use as water-gas duel. Reference 
has already been made 181 » 13 2 » 133 to for- 
mulas which are intended to indicate the 
quality of gas obtainable by carbonizing 

250 Rose, H. J., Trans. Ann. Anthracite Gonf. 
Lehigh Univ., 193S, 25-38, 1939, 27-44; Ind. 
Eng. Chem. y 33, 846-50 (1941). 

251 King, J. G., Fuel Economist , 5, 19-22 
(1929). Frisby, B., Steam Engr., 3, 137-9 
(1934). 

252 Matyusbenko, P. S., Fuel , 20, 162-72 

(1941). 

253 Fulweiler, W. H., Trans. Am. Inst. Mining 

Met. Engrs ., Coal Div., 88, 467-72 (1930). 

Francklyn, G., ibid ., 88, 706-12 (1930). 

254 Pettyjohn, E. S., Proc. Am. Gas Assoc., 
1930, 1535-63. 

255 Wright, C. C., Newman, L. L., and Gauger, 
A. W., Penna. State Coll., Mineral Ind. Exp. Sta., 
Bull. 31 (1941), 28 pp. 


77 

coal. Mott 256 assessed the value of gas 
coals. 

Davies and Jones, Edgecombe, and Mott 
and Spooner have described methods for 
determining traces of tars yielded by fuels 
used in mobile gas producers. 257 Ward 
and Morison 258 discussed the character- 
istics desired in fuels for this use. 

Coking Properties. The caking or ag- 
glomerating properties of bituminous coals 
have been used for classification purposes 
for more than a century. Karsten, 65 in 
1826, classified such coals on the basis of 
the appearance of coke residue after heat- 
ing into sand, sinter, and coking coals. 
Regnault 66 in 1837 described the appear- 
ance of the residue from the volatile-mat- 
ter test on coals of all ranks. Richard- 
son, 259 in 1849, discussed the qualities of 
the coke residue as a basis of classification. 
Schondorff, 260 in 1875, distinguished be- 
tween sand coal, sintered sand coal, sinter 
coal, coking sintered coal, and coking coal. 
Seyler 261 preferred the terms discretive, 
semi-accretive, accretive, semi-concretive, 
and concretive to the above, or to the 
terms dry, lean, poor, rich, and fat. 

Bauer 262 in 1908 tested the usefulness 
of the crucible method, as did Gruner and 
Bousquet, 5 and Muck 263 concluded that 
the yield as well as the nature of coke must 

256 Mott, R. A., Gas J., 205, 33-4, 88-90 
(1934). 

257 Davies, R. G., and Jones, W. I., Fuel, 19, 
79-80 (1940). Edgecombe, L. J., ibid., 19, 201-3 
(1940). Mott, R. A., and Spooner, C. E., ibid., 
20, 71-3 (1941). 

258 Ward, S. G., and Morison, W. J., J. Inst. 
Fuel, 15, 131-46 (1942). 

259 Richardson, J., Inst. Civil Eng. ( London ), 
Minutes of Proc., S, 98 (1849). 

260 Schondorff, A., Z. Berg-, Hiitten- u. Balinen - 
Wesen, 23, 135-62 (1875). 

261 Seyler, C. A., Fuel, 3, 15-26, 41-9, 79-83 
(1924). 

262 Bauer, A., thesis, Rostock, 1908. 

263 Hinriehsen, F. W., and Taczak, S., Die 
Chemie der Steinhohle, W. Engelmann, Leipzig, 
1916, 3rd Ed., p. 231. 
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be used in properly classifying coking and 
sand coals. 

Bode 93 in 1931 stated: 

In Germany, advance beyond this system, 
which is only useful in general for bituminous 
coals, has not been made, although it has 
been repeatedly shown that the system is 
practically and scientifically of little value. 

Seyler 261 published the carbon and hy- 
drogen contents of many British and Euro- 
pean coals, with comments on coking 
power, bitumen index, nature of coke, etc. 
Qvarfort 264 proposed a laboratory coking 
test in which the final index number as- 
signed to the coal is the summation of 
numbers representing the crushing strength, 
porosity, yield, etc. Meurice 265 classified 
coal by its agglutinating index, procedure 
for determining which was given, and its in- 
dex of coke production. Tables of data ob- 
tained with coals from various sources were 
included. Pettyjohn 254 determined agglu- 
tinating and other physical values on eight- 
een gas coals. Iki 185 correlated the caking 
index of twenty-three Japanese coals with 
many other physical and chemical proper- 
ties. Yancey, Johnson, and Selvig 151 » 152 
determined the agglutinating value and 
many other properties of coals from Wash- 
ington and other states. Selvig, Beattie, 
and Clelland 266 studied the effect of many 
variables in determining the agglutinating 
value of coals mixed with sand. Davies, 
Mott, and Spooner 267 described the Shef- 
field Laboratory Coking Test and corre- 
lated results with carbon and hydrogen 
percentages. 

The British standard crucible swelling 

264 Qvarfort, S„ Gas- u. Wasserfach , 67, 728-30 
(1924) ; Fuel , 4, 154-60 (1925). 

265 Meurice, A., Ing. chim., 17, 131-55 (1929). 

266 Selvig. W. A., Beattie, B. B., and Clelland, 
J. B., Am. Soc. Testing Materials , Proc ., 33, Pt. 
II, 741-60 (1933). 

267 Davies, R. G., and Mott, R. A., Fuel , 12, 
294—303 (1933). Mott, R. A., and Spooner, C. 
E., ibid 16, 4-14 (1937). 


test for coal 2GS issued in 1938 was found 
by Ostborg, Limbacher, and Sherman 240 
and by McCabe, Konzo, and Bees 50 to 
correlate with the coking behavior of bitu- 
minous coals in domestic underfeed stokers. 
Agglutinating and plasticity tests were also 
made. Gilmore, Connell, and Nicolls 145 
discussed agglutinating and agglomerating 
tests for classifying weakly caking coals. 
Fish 269 determined the agglutinating value 
of low-volatile Virginia coals, and Olin 270 
determined agglutinating values and other 
properties for Iowa coals. 

Davis and associates 271 compared the 
plastic properties of coking coals by vari- 
ous methods. Pieters, Koopmans, and 
Hovers 272 studied the effect of rank and 
other variables on the plasticity of heated 
coal. Seyler S4 » 85 discussed plasticity and 
coking properties in relation to classifica- 
tion. Ramzin 117 * 153 used the nature of 
the coke, with other characteristics, in 
classifying Russian Donets Basin coals. 

A series of publications of the U. S. 
Bureau of Mines, detailing the analysis and 
physical properties of coals and the quality 
of coke and byproduct yields obtained 
from various United States coals at a 
variety of temperatures, has been indexed 
by Wilson and Davis. 11 This covers the 
most comprehensive collection of compara- 
ble data that is available. It has been 
correlated by statistical methods by Lowry, 
Landau, and Naugle. 273 The Fuel Research 

268 Anon., British Standard Method for the 
Crucible Swelling Test for Coal , British Stand- 
ards Institution, No. 804-1938, July, 1938. 

269 Fish, F. H., Virginia Polytech. Inst., Eng. 
Expt. Sta. Seines, Bull. 20 (1935), 14 pp. 

270 Olin, H. L., Fuel, 16, 304-9 (1937). 

271 Davis, J. D., Jung, F. W., Juettner, B., and 
Wallace, D. A., Ind. Eng. Chem., 25, 1269-74 
(1933). 

272 Pieters, H. A. J., Koopmans, H., and 
Hovers, J. W. T., Fuel, 13, 82-6 (1934). 

273 Lowry, H. H., Landau, H. G., and Naugle, 
L. L., Am. Inst. Mining Met. Eng., Tech. Pub. 
1332 (1941), 30 pp. 
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Survey papers 12 have presented data for 
British coals. Information on Canadian 
coals is available in various publications of 
the Canada Department of Mines, Mines 
Branch, Division of Fuels and Fuel Testing. 

Fieldner and Davis 274 have correlated 
chemical and physical tests, and Sprunk 
and Thiessen 275 have correlated micro- 
scopic composition of coal, with coking 
properties and byproduct yields. Kuhl- 
wein 276 classified coals according to petro- 
graphic structure and discussed the chemi- 
cal behavior and carbonization yields of 
the banded constituents. 

Fieldner and associates 277 discussed 
high-temperature carbonizing properties, 
and Selvig and Ode 278 evaluated labora- 
tory assay tests for gas, coke, and byprod- 
uct yields. Yancey, Johnson, and Selvig 151 
published low-temperature carbonization 
yields for coals from Washington and other 
states. Dolch and Gerstendorfer 279 found 
a definite relationship between the compo- 
sition of the carbonization gases and age 
of the coals studied. Mott and associ- 
ates 280 have published extensive studies on 
coke formation correlated with rank, petro- 
graphic composition, etc. 

274 Fieldner, A. C., and Davis, J. D., Proc. Srd 
Intern. Conf. Bituminous Coal , 1, 540-86 (1931). 

275 Sprunk, G. C., and Thiessen, R., Ind. Eng 
Chem., 27, 446-51 (1935).- 

276 Kiihlwein, F. L., Tech. Mitt. Krupp, 30, 
305-18 (1937). 

277 Fieldner, A. C., Davis, J. D., Reynolds, D 
A., and Holmes, C. R., Ind . Eng. Chem., 26, 300-3 
(1934). 

278 Selvig, W. A., and Ode, W. H., Ind. Eng. 
Chem., Anal. Ed., 7, 88-93 (1935). 

279 Dolch, M., and Gerstendorfer, G., Brenn- 
stoff-Chem., 3, 225-31 (1922). 

280 Mott, R. A., Fuel, 6 , 217 (1927), 12, 185- 
94, 412-8 (1933), 13, 356 (1934). Mott; R. A., 
and Shimmura, T., ibid., 7, 472-86 (1928). Bur- 
dekin, L., and Mott, R. A., ibid., 12, 232-9 
(1933). Brewin, W., and Mott, R. A., ibid., 12, 
239-42 (1933). Allinson, J. P., and Mott, R. A., 
ibid., 12, 258-68 (1933). Davies, R. G., and 
Mott, R. A., ibid., 12, 294-303, 330-40,. 371-82 
(1933). 


Ralston 82 and Rose 94 have graphically 
presented the ultimate analysis limits of 
coking coals. White 88 studied their hydro- 
gen-to-oxygen ratio. Burrough, Swartz- 
man, and Strong 133 classified coals for the 
byproduct coking industry by the specific 
volatile index, the calculated heating value 
of 1 percent volatile matter. The Midland 
Coke Research Committee 77 has studied 
the classification of English coals for coke 
making, on the basis of ultimate analysis, 
calorific value, etc. Bennett 281 believed 
that eventually all coals down to 80 percent 
carbon on the dry, ash-free basis would be 
found suitable for coke manufacture. Kreu- 
len 216 correlated humic acid factor with 
coking properties. Rose and Sebastian 282 
studied the change in analysis and swelling 
properties of coking coals due to oxidation 
at 80° C. 

Other Uses. Many other references are 
available on coal selection for special uses. 
For example, Rice and Reid have discussed 
the properties of coal which affect its use 
for the ceramic and portland-cement in- 
dustries, respectively 283 Williams 284 sum- 
marized qualities of coal and coke required 
in nonfer rous metallurgy. 

Commercial Classification of Coal 

As would be expected in the case of a 
commodity so widely used and variable as 
coal, a great many trade classifications have 
been recognized or proposed. Reference 
will be made to only a few. The greatest 
interest centers in those classifications 
which are, or have been, officially enforced 
in some manner. 

281 Bennett, J. G., J. Inst. Fuel, 15, 82-92 
(1942). 

282 Rose, H. J., and Sebastian, J. J. S., Trans. 
Am. Inst. Mining Met. Etigrs., SS, 556-82 (1930). 

283 Rice, W. E., Trans. Am. Inst. Mining Met. 
Engrs., 101, 247-55 (1932). Reid, H. P., ibid., 
101, 256-9 (1932). 

284 Williams, C. E., ibid., 101, 260-8 (1932). 
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“pool” classifications of tidewater 

COAL EXCHANGES 

During the first World War, the so-called 
pool classification of the Tidewater Coal 
Exchange was organized as a war measure 
to assist the railroads in handling all bitu- 
minous coal shipped to Atlantic tidewater 
ports. Shortly after the war, separate ex- 
changes were set up at certain eastern 
ports. Although these had a relatively 
short existence, pool classifications con- 
tinued to be used to some extent by coal- 
trade publications and coal companies in 
quoting prices. 

The system adopted by the exchanges 
was a classification of coal mines based 
primarily on the quality of the coal as 
shown by analysis and heating value, use, 
size, structure, and seam, but including 
producing district, railroad, and tidewater 
port. This was the first large-scale sys- 
tematic attempt at commercial classifica- 
tion in the United States, and though the 
pool classifications served their general 
purpose in the emergency, they were often 
found to be inadequate, misleading, and 
the source of trouble and litigation. Sny- 
der 285 listed the terms used in classifying 
coal handled by the Tidewater, Newport 
News, Lambert’s and SewaiTs Point Coal 
Exchanges, together with many hundreds 
of analyses of pool coals. Payne 286 dis- 
cussed the source and quality of pool 
coals and the operation of the exchanges. 
De Graff 287 disagreed with certain average 
analyses shown in the preceding reference. 
Wadleigh 288 in a summary of United, 
States and foreign commercial coal classi- 

285 Snyder, N. H., U. 8. Bur. Mines , Bull. 230 
(1928), 174 pp. 

286 Payne, H. M., Coal Age , 19, 442-5, 490-4; 
539-41 (1921). 

287 De Graff, G. A., ibid., 20, 222-3 (1921). 

288 Wadleigh, P. R., Trans. Am. Inst. Mining 
Met. Engrs.j 88, 673-98 (1930). 


fications devoted thirteen pages to pool 
classifications. 

The U. S. Bureau of Standards, 289 in 
1930, sponsored the simplification of sizes 
and terminology of high-volatile bitumi- 
nous coal handled over docks at the 
American head of the Great Lakes. 

NATIONAL RECOVERY ADMINISTRATION 
MINIMUM FAIR PRICE LISTS 

In 1933, divisional code authorities op- 
erating under the National Industrial Re- 
covery Act established minimum fair price 
lists for bituminous coal and beehive coke. 
These were set forth in numerous mimeo- 
graphed circulars, supplements, correction 
sheets, etc., issued by the code authorities. 
The printed booklets, “Code Prices,” is- 
sued by the American Wholesale Coal As- 
sociation in October, November, and De- 
cember, 1933, and February, 1934, are 
convenient references for the short-lived 
minimum prices under the N.R.A. 

The primary classification was into geo- 
graphical divisions and subdivisions, some 
of which were further divided into districts 
or mines. The size of coal had an im- 
portant part in the pricing and might be 
thought of as the second major factor in 
the classification. The market area into 
which a coal was shipped often had an 
important bearing on the mine price, the 
purpose being to maintain a balance of 
competition. In some divisions, there was 
price classification according to seams, or 
by the industrial uses to which the coals 
were put. Reference to specific limits of 
analysis were infrequent. There were 
numerous exceptions to provide for washed 
coal, stripping coal, specially treated coal, 
absorption of freight differentials, etc. 

Coal classification under N.R.A. code 
authorities did not represent a single inte- 

289 Natl. Bur. Standards U. S ., Misc. Pub. 113 
(1930), 14 pp. 
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grated system with a definite technical 
basis. Instead, the various classifications 
were devised locally by the divisional code 
authorities and represented hurried at- 
tempts to devise commercially workable 
plans of establishing fair competitive prices 
and thus prevent ruinous price-cutting 
during a financial depression. The classi- 
fication used by each division depended 
upon the complexity of the local situation 
and market competition. 

PRICE REGULATION UNDER THE 
BITUMINOUS COAL ACTS 

The major objective of government regu- 
lation of the bituminous coal industry dur- 
ing the 1930’s was to fix minimum prices 
at the average cost of production, so that 
the industry as a whole could break even 
financially, instead of operating at a loss 
year after year. The Coal Conservation 
Act of 1935 was followed by the Bitumi- 
nous Coal Act of 1937, 290 which had a two- 
year extension upon its expiration in 1941. 

After more than three years of prepara- 
tion, minimum coal prices went into effect 
on October 1, 1940. The schedule covered 
all coal except Pennsylvania anthracite and 
lignite, representing 22 mining districts 
and 242 distinct market areas. It was said 
that this minimum price schedule con- 
tained approximately one-half million 
prices. The act provided that: 

The minimum prices so proposed shall re- 
flect, as nearly as possible, the relative mar- 
ket value of the various kinds, qualities, 
and sizes of coal, shall be just and equitable 
as between producers within the district, and 
shall have due regard to the interests of the 
consuming public. 

Provision was made for fixing maximum 
prices, if necessary, and, owing to price 

. 290 Bituminous Coal Act of 1937, Public No. 
48, 75th Congress, Chapter 127, 1st Session, H.R. 
4985. 


stiffening resulting from the wartime de- 
mand for coal, Office of Price Administra- 
tion Orders 120 and 122 effective May 18, 
1942, set a ceiling on prices and governed 
the retailing and wholesaling of bituminous 
coal. 

Relative prices under the coal acts were 
arrived at from considerations of market 
history rather than of chemical and physi- 
cal properties of the coal, with few ex- 
ceptions. The general policy was to main- 
tain the status quo of coal distribution, 
prices in a given district being determined 
by the freight origin group of the mine, 
the price classification (depending upon 
size, grade, etc.), the size group number, 
the “market area” of the destination, the 
method of transportation, and the use of 
the coal, together with numerous excep- 
tions which altered the price. In general, 
under this classification a particular ton of 
coal has several distinct and different 
prices at the mine, depending upon the 
market in which it is to be sold, the method 
of transportation to be used, and the use 
to which it will be put. Provision was 
made for revision of minimum prices to 
remove inequalities, or when there were 
changes in weighted average cost of pro- 
duction amounting to more than two cents 
per ton. 

A large mass of information relating to 
these prices has been issued, including sup- 
plements, revisions, and legal decisions. 
The current minimum prices are not all 
available under one cover, but a large vol- 
ume issued by the National Coal Associa- 
tion 291 forms a convenient general refer- 
ence to the subject. 

In most of the principal coal-producing 
countries of the world, there is some form 

291 Anon., “Coal Prices — Bituminous, Mini* 
mum Coal Prices as Established by the Coal 
Division of the Department of Interior, Effective 
Oct. 1, 1940,” National Coal Association, Wash* 
ington, D. C., 1940, with supplements. 
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of government control of the coal industry, 
through government ownership of the coal 
deposits, allocation of tonnage, price con- 
trol, or other means. All these involve 
some type of commercial classification. 

PENNSYLVANIA ANTHRACITE 

Pennsylvania anthracite was not in- 
cluded in the above-mentioned commercial 
classifications. The anthracite producers 
have long maintained standards of prepa- 
ration and tolerances relative to screen size 
and visible impurities in each commercial 
size. The current . standards 292 contain 
definite maximum ash limitations for the 
buckwheat and rice sizes. 

After a period of disastrous price com- 
petition, the anthracite producers began on 
January 29, 1940, to operate under a vol- 
untary production control program in co- 
operation with state and labor representa- 
tives. Anthracite requirements were esti- 
mated each week, and each producer was 
allowed to produce a fixed percentage of 
the total quota. Upon the passage of state 
legislation on the subject, the plan was 
operated by the Anthracite Committee of 
the Production Control Plan for the An- 
thracite Industry, Harrisburg, Pa., under 
the Pennsylvania Department of Com- 
merce. 

This plan did not include price fixing 
but attempted to stabilize prices by main- 
taining a reasonable balance between pro- 
duction and demand. The federal Office 
of Price Administration issued orders put- 
ting a ceiling on anthracite mine prices as 
of March, 1942. 293 

Parker 294 summarized the commercial 

292 Anon., 8 awards J., 23, 532 (1941), 24, 
402, 443 (1941). 

293 Office of Price Administration, Maximum 
Price Regulation 112, including Supplements 1 
and 2, 1942. 

294 Parker, E. W., Trans. Am. hist. Mining 
Met. Engrs., 88, 699-705 (1930). 


description of Pennsylvania anthracite in 
1930. ' 

LIGNITE 

Lignite is not included in the above clas- 
sifications. The characteristics of the lig- 
nites of the United States have been de- 
scribed by Lavine 295 

CLASSIFICATION BY DISTRICT SELLING 
AGENCIES 

Before federal regulation of bituminous 
coal prices was established, various co- 
operative regional agencies were formed to 
market coals and establish minimum prices 
for their members in selected mining areas. 
These agencies classified and graded coals 
of the member companies chiefly on the 
basis of their known suitability for various 
uses, as for power plants, byproduct cok- 
ing, the manufacture of various types of 
gas, and as fuel for metallurgical, ceramic, 
cement burning, railroad and bunker, gen- 
eral steam, domestic, and other uses. A 
single coal was often suitable for several 
purposes, and thus had a multiple classi- 
fication. Occasionally the agencies sup- 
ported an extensive program of sampling 
and analysis of the various sizes of coal 
from each mine. Eavenson 296 has de- 
scribed the classification of coals as prac- 
ticed by the first of these agencies. 

SIZE OF COAL 

Examination of commercial classifica- 
tions of coal from almost any country will 
show the great importance attached to 
size of lumps, since this is one of the deter- 
mining factors in the selection of coal for 

295 Lavine, I., Fuel , 20, 14-9, 31-8, 48-51, 78- 
81, 117-21 (1941). 

296 Eavenson, H. N., “Classification of Coals 
Sold through Appalachian Coals, Inc.,” mimeo., 
3 pp„ attached to Am. Soc. Testing Materials , 
Sectional Comm, on Classification Coal , Qen. Circ. 
42 (1933). 
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many uses. Given, 297 in 1932, tabulated 
the various sizes of coal produced in the 
different coal fields of the United States. 
Committee work on American Standard 
specifications for the classification of coals 
led to the preparation of a standard method 
for designating the size of coal from its 
screen analysis. 136 A standing subcommit- 
tee of the American Society for Testing 
Materials has jurisdiction over matters 
concerning coal-size designations. 

The Bureau of Standards 289 has given 
equivalent dimensions for bar and round- 
hole screens, also slotted plates. Yancey 
and Zane 298 discussed the relationship of 
size percentages obtained in testing coal 
with round- and square-hole screens. 

The American Society for Testing Ma- 
terials has published a number of standard 
or tentative standard methods for testing 
the screen analysis of coal, its grindability, 
and strength according to the drop-shatter 
and tumbler tests. The latest edition of 
the A.S.T.M. Standards and subsequent 
yearly supplements should be consulted for 
such methods. 

Coals tend to become broken in com- 
mercial handling, and much research has 
been done on this subject. Smith 299 de- 
termined the friability of Illinois coals by 
drop-shatter test, and Lawall and Hol- 
land 300 determined the friability by tum- 
bler test, and other physical characteristics, 
of West Virginia coals. The U. S. Bureau 
of Mines 53 has investigated the power re- 
quired to pulverize the petrographic con- 
stituents of an Illinois coal and has done 
much work on the general subject of coal 
friability and pulverization. 

297 Given, I. A., Goal Age , 37, 334-8 (1932). 

298 Yancey, H. F., and Zane, R. E., Trane. Am. 
Inst. Mining Met. Engrs ., 108, 295-8 (1934). 

299 Smith, C. M., Univ. Illinois , Eng. Exp. Sta 
Bull. 218 (1930), 24 pp. 

300 Lawall, G. E., and Holland, C. T., Trans. 
Am. Inst. Mining Met. Engrs., 101, 100—13 
(1932). 


The Canadian Bureau of Mines 301 has 
made an extensive study of friability and 
grindability of coals sold in Canada. (See 
Chapter 5.) 

MISCELLANEOUS ARTICLES ON COMMERCIAL 
CLASSIFICATION 

Tryon 302 discussed classification from 
the viewpoint of the coal statistician. Har- 
ris 303 and Rose 304 discussed classification 
for purchasing agents. 

Numerous federal and state publications 
have dealt with analyses of coal from par- 
ticular states, and the use of such coal for 
specific purposes. No attempt will be 
made to mention the many valuable reports 
of this type, which are often quite specific 
and contain much experimental data on 
the use of coal for house heating, stokers, 
locomotives, power plants, etc. 

Reports by geological surveys form an- 
other valuable source of information. For 
example, Cady 305 is the author of a 354- 
page book on the classification and selec- 
tion of Illinois coals. 

The Federal Trade Commission, better 
business bureaus, and similar organizations 
interested in promoting truth in advertis- 
ing and better business ethics have made 
numerous rulings relating to the names 
indicating origin, size, and quality of coal, 
etc., which may be used in retail coal ad- 

,301 Nicolls, J. H. H., Can. Dept. Mines, Mines 
Branch, Invest. Fuels and Fuel Testing, No. 644, 
pp. 20-35, 1926. Gilmore, R. E., Nicolls, J. H. 
H., and Connell, G. P., ibid.. No. 762, 102 pp., 
1935. Gilmore, R. E., and Nicolls, J. H. H., 
Can. Bur. Mines, Mines & Geol. Branch, Dept. 
Mines & Resources , Memorandum Series No. 70, 
1939, 25 pp. 

302 Tryon, F. G., Trans. Am. Inst. Mining Met. 
Engrs., SS, 4S1-5 (1930). 

303 Harris, T. W., Jr., Purchasing Agent, 19, 
1188-9 (1930) ; Ind. Standardization, 7, 175 
(1936). 

304 Rose, H. J., Purchasing Agent, 19, 735-6, 
802 (1930). 

305 Cady, G. H., Illinois State Geol. Surv., Bull. 
02 (1935), 354 pp. 
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vertising. The general policy is to elimi- 
nate misleading terms. Court action has 
sometimes been taken to stop the use of 
terms which resulted in unfair competition. 

COMMERCIAL CLASSIFICATION IN CANADA 

Numerous references have already been 
made to Canadian work on coal classifica- 
tion. These may be supplemented as fol- 
lows: Gilmore 306 in 1930 discussed the 
status of coal classification in Canada, in- 
cluding systems used for customs tariff 
purposes. Haanel and Gilmore 307 dis- 
cussed testing, classification, and utilization 
studies of Canadian coals and included ex- 
perimental data. The National Research 
Council of Canada’s report recommending 
the application of the A.S.T.M. classifica- 
tions to Canadian coals 144 has already 
been mentioned. 

The Canadian Government Purchasing 
Standards Committee issued a tentative 
specification 308 for coal in 1940, which in- 
cluded designations by class, group, and 
grade based on the A.S.T.M. classifications, 
designation of sizes, bases for comparing 
quotations and rejection or acceptance of 
deliveries, and examples of computing price 
adjustments. A more recent statistical re- 
port 309 shows the exporter’s designations 
and size of anthracites imported from nine 
countries. 

CLASSIFICATION IN OTHER COUNTRIES 

Wadleigh 2SS has tabulated co mm ercial 
classifications used in various countries. 

306 Gilmore, R. E., Trans. Am. I?ist. Mining 
Met. Engrs., 88, 529-40 (1930). 

307 Haanel, B. E., and Gilmore, R. E., Fuel, IT, 
80-90, 109-18, 128-34 (1938). 

3os Anon., National Research Council (Can- 
ada), Codes and Specifications Section, No. 18- 
GP-1-1940, Tentative, Feb. 12, 1940. 

309 Anon., Dominion Bur. of Statistics (Can- ' 
ada), Coal Statistics for Canada for the Calendar 
Year 19 $9, 1941. 


The following references will supplement 
those previously given. 

In England, Wade, Mott, and Mitton 
and Davies have discussed the commercial 
evaluation, classification, and grading of 
coal. 310 

Gruner and Bousquet 5 gave the com- 
mercial names of coal sizes from various 
French producing areas, with a table of 
uses largely based on the size of coal. An 
official report 311 on French coal described 
the confusion resulting from a multiplicity 
of names which were not reserved for spe- 
cific qualities. It recommended that 
future commercial classification be based 
on geographical origin, nature (Gruner 
classification), and size, for which five 
ranges were suggested. 

Bierbrauer 312 classified Austrian coals 
on an ultimate analysis diagram. Blum 313 
concluded that the decisive factors in de- 
termining the rank of Rumanian coals 
were ultimate analysis, behavior on car- 
bonization, and the action of certain sol- 
vents. 

The classification of Russian coals has 
received considerable attention. Krym 314 
studied the proximate and ultimate analy- 
sis and Btu of coals from the Donets Basin. 
Ramzin’s conclusions, 153 based on the study 
of 20,000 analyses representing all the prin- 
cipal regions of Russia, were summarized 
in a large table. In most fields the name 
of the coal is sufficient to define the coal, 
but in the Donets Basin, which is noted for 
the variety of its coals, the volatile matter 

310 Wade, C. F., Colliery Eng., 4, 75-6 (1927). 
Mott, R. A., Colliery Guardian , 147, 811-4, 859- 
62 (1933). Mitton, H. E., and Davies, D. T., 
Trans. Inst. Mining Engrs. {London), 90, 3-8 
45-61 (1935). 

311 Anon., Ann. mines, 11, 1-421 (1937). 

312 Bierbrauer, E., Sparwirtschaft, 14, 236-7 
(1936). 

313 Blum, I., Bui. Chim. Soc. RomAna Stiinte. 
31, 3-11 (1931). 

314 Krym, V. S., Fuel , 6, 476-8 (1927). 
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and coking property need to be specified. 
Anthracite and other noncoking coals were 
classified according to size. Stadnikoff 315 
presented a tentative commercial classifi- 
cation of Russian coals, and Matyu- 
shenko 252 used many chemical and physi- 
cal tests, including a special burning test 
on grates to determine reactivity, degree of 
deformation of coal under heat, and re- 
sistance to thermal shock. He presented a 
large table classifying coals from lignite to 
anthracite, based on 2,200 coals tested. 

Evans 316 discussed the classification of 
New Zealand coals according to type or 
petrographic constituents, rank, cleavage, 
analysis, coking properties, etc. 

In addition to the previously mentioned 

315 Stadnikoff, G. L., Khim. Tverdogo Topliva , 
4, 513-27 (1933). 

316 Evans, W. P., New Zealand J. Sci. Tech., 
7, 79-90, 155-70, 198-215 (1924). 


studies by Wong 120 and Wang, 121 a graph- 
ical classification of Chinese coals has been 
made by King. 317 

Conclusion 

The scope of coal classification is so 
great that it has not been practical to in- 
clude comprehensive bibliographies on the 
many subjects discussed. By consulting 
the originals of the articles cited above, 
many additional references can readily be 
obtained on any subject in which the reader 
is particularly interested. 

An attempt has been made in the fore- 
going chapter to give some attention to 
almost every phase of the subject and to 
show that there are as many methods of 
coal classification as there are viewpoints 
concerning the nature and uses of coal. 

317 King, K. Y., Bull. Geol. Surv. China , No. 
21, pp. 1-11, 1933. 
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COAL PETROGRAPHY * 

Gilbert H. Cady 

Senior Geologist and Head of Coal Division, Illinois State Geological Survey 


Coal petrography has been maintained 
as a branch of science since 1920 because a 
number of geologists have accepted the 
petrographic point of view enunciated by 
Slopes as suitable for the description and 
classification of coal and have directed in- 
quiries toward discovering the practical 
significance of the data. Along with the 
development of a technique and a nomen- 
clature of coal petrography there has been 
advancement in the understanding of the 
botanical significance of the petrographic 
entities. This development is indicative of 
the newer attitude toward coal material. 
A portion of the coal, such, for example, as 
the opaque matter in splint coal, may be 
recognized as a petrographic component 
whether or not its nature is understood. 
On the other hand, the importance of un- 
derstanding the nature of the material rep- 
resented by the petrographic constituents 
calls for persistent and careful paleobotan- 
ical studies bearing on the nature of these 
materials. More and more the study of 
coal balls, for example, is being directed 
toward the discovery of the actual nature 
of the materials present in the coal as seen 
in maceration residues, in thin sections, or 
in polished surfaces. 

As in preceding years, the development 
of knowledge and the technical discussions 

* Presented with the consent of M. M. Leigh- 
ton, Chief, Illinois State Geological Survey. 


in the fourth decade of the century were 
very largely centered about three main 
schools of thought, the continental Euro- 
pean, the British, and the American. The 
discussion will, therefore, necessarily have 
to take into consideration the regional at- 
titude toward coal petrography. 

Description and Terminology in 
Recent Coal Petrography 

By 1920, geologists and others interested 
in the physical constitution of coal, con- 
sidered as a rock material, had been pro- 
vided with two fundamental schemes of 
coal nomenclature as a basis for petro- 
graphic studies and description. That pro- 
posed by Thiessen was primarily genetic, 
being based upon the kind of plant ma- 
terial composing the various parts of the 
coal that could be differentiated. Its cri- 
teria were microscopic and paleobotanical. 
The nomenclature of Slopes, on the other 
hand, was based upon physical megascopic 
differences apparent without microscopic 
aid. The terminology proposed by Thies- 
sen was of somewhat uncertain and diffi- 
cult application to hand specimens and by 
definition permitted inclusion in anthraxy- 
lon as “coalified wood” of such diverse ma- 
terial as the bright banded vitrain and 
fusain, and in attritus of both fine banded 
bright coal (clarain) and splint (durain). 
It was not a classification well suited to 
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megascopic application. On the other 
hand, the Stopes nomenclature which was 
applicable to the hand specimen consisted 
of rather happily selected new names simi- 
lar to the single name in use, fusain. The 
terminology was essentially such as to in- 
clude all the more important, at least the 
more conspicuous, of the varieties of coal 
present in banded coal, with relatively 
little overlapping, except that transitional 
varieties were recognized. It is not strange 
that the possibilities of a simple systematic 
description and classification of coal pro- 
vided by the Stopes nomenclature were 
very widely recognized in Europe, where 
no opposing influential agency supported 
an alternative system of nomenclature. We 
find, therefore, in the literature since 1920 
many discussions of the Stopes termi- 
nology. 1 

i Thiessen, R., Goal Age , 18, 11S3-9, 1223-8, 
1275— 9 (1920), 19, 12-5 (1921) ; Trans. Am. 
Inst. Mining Met. Engrs., 71, 35-116 (1925) ; 
Colliery Guardian, 131, 743-4 (1926) ; J. Roy. 
Soc. Arts , 74, 535-55 (1926). Baranow, A., and 
Francis, W., Fuel, 1, 219-22 (1922). Findley, 
A. E., and Wiggington, R., Fuel, 1, 106-7 (1922). 
Stopes, M. C., Fuel, 1, 22-5 (1922), 2, 5-9 
(1923). Seyler, C. A., Fuel , 2, 217-9 (1923) ; 
Dept. Sci. Ind. Research (Brit.), Fuel Research 
Board, Phys. Chem. Surv. National Coal Re- 
sources, 16, 32-8 (1929). Stutzer, O., Kohle 
{ Allgemeine Kohlengeologie), Gebriider Born- 
traeger, Berlin, 1923, pp. 58-61. Winter, H., 
Gluckauf, 59, 873-80 (1923), 63, 483-91 (1927) ; 
Fuel, 3, 134-9 (1924), 7, 56-63 (1928). Du- 
parque, A., Ann. soc. g£ol. Nord, 49, 148-59 
(1924), 52, 261-72, 273-9 (1927). Gotban, W., 
Tech. Blatter , 15, 377-8 (1925). Hendrickson, A. 
V., Fuel, 4, 83-6 (1925). Simpkin, S. N., Col- 
liery Guardian, 129, 515 (1925). Stack, E., 
Gliickauf, 61, 1398-402 (1925) ; Kohlenpetro - 
graphisches Praktikum, Gebriider Borntraeger, 
Berlin, 1928, pp. 89-126. Turner, H. G., and 
Randall, H. R., Trans. Am. Inst. Mining Met. 
Engrs., 71, 127-48 (1925). De Booser6, O., Ann. 
mines Belg., 27, 369-96 (1926) ; Fuel, 5, 522-7 
(1926). Bode, H., Kohle u. Ers, Jalirg. 1927, 
pp. 793-802 (1927), Jalirg. 1928, pp. 699-710 
(1928); Z. deut. geol. Ges ., 81, 151-5 (1929). 
Kellett, J. G., Trans. Inst. Mining Engrs. (Lon- 
don), 75, 400-12 (1928) ; Colliery Guardian, 137, 
240-2 (1928). Legraye, M., Ann. soc. g6ol. Belg., 
51B, 316-7 (1928), 52B, 100-2 (1929). Po- 


During this period, two main fields of 
controversy in regard to terminology had 
developed. On the one hand, attempts 
were made to correlate the Stopes termi- 
nology with that proposed by Thiessen; on 
the other hand; there developed in Europe 
a tendency toward a revision of the Stopes 
classification on the basis of primary cri- 
teria which w r ere microscopic rather than 
megascopic. 

In respect to the terminologies of Stopes 
and Thiessen, uncertainty existed concern- 
ing the significance of one set of names in 
the terms of the other terminology. The 
status of the controversy near the end of 
the third decade was summarized by 
Thiessen and Francis in 1929. 2 In this 
paper the authors pointed out that the two 
sets of terms were evolved in different 
manners. In regard to the origin of “an- 
thraxylon” and “attritus,” they said: 

Instead of describing the different bands 
of coal from their appearance, the terms 
were made to suggest the origin of the dif- 
ferent types of material that the coal con- 
tains. Moreover, the investigations which 
led to their conception were confined to 
American coals, not of one geologic age or 
necessarily of one rank. They were, in fact, 
suggested as a result of microscopic exam- 
ination showing that throughout a complete 
series of coals, beginning with peat (if, in- 
deed, peat may be called coal) and termi- 
nating with semibutuminous coal and an- 
thracite, two main types of materials per- 
sisted. 

These writers had already pointed out 3 
“that the terms proposed by Stopes were 
specifically stated to apply only to British 
Paleozoic coal of Bituminous rank.” This 
statement is not exactly correct, as Stopes 

toniS, R., JahrT). preuss. geol. Landesanstalt, 4S, 
128-30 (1928). Thiessen, R., and Francis, W., 
U. 8. Bur . Mines , Tech. Paper, 446 (1929), 27 
pp. ; Fuel , 8, 385-405 (1929). 

2 Thiessen, R., and Francis, W., TJ. 8. Bur. 
Mines, Tech. Paper 446, 3 (1929). 

3 See p. 1 of ref. 2. 
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did not say that the terms were not ap- 
plicable to other coals, but that “the coal 
dealt with is British Paleozoic (Coal Meas- 
ure) streaky bituminous coal ” The appli- 
cability of these terms to other coals might 
or might not have been discussed by Stopes 
but would eventually be determined one 
way or another. Events have proved the 
wide applicability of the terms to all coal 
material, at least to that above lignite in 
rank. 

The summary of the discussion of the 
correlation of terms as given by Thiessen 
and Francis reads as follows: 4 

The two recent attempts to distinguish the 
various types of coal (Paleozoic) present in 
any bed may be correlated as follows: 

Vitrain, the same as anthraxylon. Bril- 
liant bands with conchoidal fracture. 

Clarain, the same as attritus. The thin 
bright streaks in clarain are bright streaks 
of vitrain (anthraxylon), which can be read- 
ily separated from the duller portions. In- 
herently laminated, it breaks sharply with a 
smooth surface at the break. 

Durain. A dull-band granular coal; it has 
no counterpart in America [szcl. It is dif- 
ficult to break, and the surfaces are always 
granular or matte. It is composed of opaque 
matter and spores in varying proportions. 

Fusain. Present universally in small quan- 
ties, dark fibrous, and powdery; it cor- 
responds to the mineral-charcoal or mother- 
of-coal in America. 

The authors then stated that “the terms 
■'anthraxylon/ ‘attritus/ and ‘fusain 7 may 
be used irrespective of rank or geological 
age of the coal, whereas the terms ‘vitrain/ 
‘clarain/ and ‘durain 7 should only be used 
for coals of bituminous rank/ 7 a conclu- 
sion that is untenable, because the fact 
that only British coals were used in de- 
veloping the terms does not limit their 
applicability, as has been abundantly dem- 
onstrated by their widespread use. How- 
ever, such statements by Thiessen and his 

4 See p. 26 of ref. 2. 


associates, who had an overwhelming in- 
fluence in the early development of the 
technique of coal petrography in America, 
resulted in an important bias against the 
general use of the British terms on this 
continent. 

The statement made by Thiessen in 1929 
that there was no counterpart of durain 
in America was shortly after offset by his 
description of splint coal 5 and by the dif- 
ferentiation of “opaque 77 and “translucent 
attritus. 77 

In 1931, the Bureau of Mines described 
the methods used in the study of gas-, 
coke-, and byproduct-making properties of 
representative American coals. 6 In connec- 
tion with this study, Thiessen inaugurated 
a “type 77 classification of banded bitumi- 
nous coal based upon the proportion of 
microscopically determined anthraxylon 
and opaque and translucent attritus, the 
anthraxylon being differentiated on the 
basis of the width of individual bands. 
The classification adopted was presented in 
the following words: 7 

Up to the present no one has laid down 
any definite system for classifying coal on 
the basis of the relative percentage of an- 
thraxylon and attritus, as determined by 
actual measurement with the aid of the mi- 
croscope. Such a system of classification is 
desirable in the present investigation be- 
cause of the difference in the coking proper- 
ties of anthraxylon and attritus. It has 
been decided, therefore, to make arbitrary 
division of classification as follows: 


5 Thiessen, R., Trans. Am. Inst. Mining Met. 
Engrs ., 88, 644-72 (1930). 

6Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., and Selvig, W. A., U. S. Bur. 
Mines, Bull. 344 (1931), 107 pp. 

7 See p. 24 of ref. 6. 
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Classification of Subtypes of Coal on the 
Basis of Anthraxylon-Attritus Ratio 


Ratio of 

Abbrevi- Anthraxylon 


Type Name 

ation 

to Attritus 


Anthraxylon 

An 

More than 3 

1 

Anthraxylous-attrital 

An-At 

3 : 1 to 1 

1 

Attrital-anthraxylous 

At- An 

1 : 1 to 1 

3 

Attrital 

At 

Less than 1 

3 


The adjectives are so employed in the 
table as to • result in confusion in regard 
to the meaning of the terms. 

The banded structure was designated 
under four categories: 8 coarsely banded, 
bands exceeding 2 millimeters; finely 
banded or striped, bands from 2.0 to 0.5 
millimeters; microbanded, less than 0.5 mil- 
limeter. A mixed banded coal contains 
both coarse and fine bands. Anthraxylon 
was subdivided into ordinary and fibrous 

8 See p. 25 of ref. 6. 


anthraxylon, the fibrous consisting of thin, 
fiberlike strands down to 0.05 millimeter 
thick. 9 

Thiessen also presented a table 8 propos- 
ing definitions of the common types of coal 
in terms of attritus and anthraxylon (see 
Table I). 

In accordance with the classification by 
the U. S. Bureau of Mines, Thiessen, 
Sprunk, and O’Donnell, or Sprunk and 
O’Donnell, up to the end of 1939 had de- 
scribed about 30 American coals in connec- 
tion with the study of coke-, gas-, and by- 
product-making properties of the coals. 
The classification was made in terms of 
what Thiessen calls types (bright or humic, 
semisplint, splint, cannel, and boghead 
coal) and subtypes (anthraxylous, anthrax- 
ylous-attrital, attrital-anthraxylons, and 
attrital coal), and with respect to the pro- 

9 See pp. 63 and 69 of ref. 6. 


TABLE I 

Thiessen’s Description of Types of Coal 8 


Type Name Relative Amounts of 
of Coal Anthraxylon and Attritus 

Bright Anthraxylon predominat- 

ing to attritus predom- 
inating 


Nature of Attritus 
Translucent humic matter 
predominating. Spores 
and opaque matter pres- 
ent. 


Semisplint 


Splint 


Anthraxylon and attritus 
in more or less equal 
proportions 

Attritus predominating 


Granular opaque matter 
very prominent. 
Opaque and translucent 
humic matter present. 

Opaque matter predom- 
inating. Spores and 
translucent matter pres- 
ent. 


Structure of Coal 
Coarsely, finely, or mi- 
crobanded. Bright lus- 
ter. 


Finely or microbanded. 
Compact. 


Finely or microbanded. 
Compact, hard, irregu- 
lar fracture. Dull lus- 
ter. 


Cannel Almost all attritus 


Boghead Almost all attritus 


Spores, humic matter, or 
opaque matter predom- 
inating. 

Oil algae predominating. 
Humic and opaque mat- 
ter present. 


Compact, not banded, 
conchoidal fracture. 

Compact, not banded, 
conchoidal fracture. 
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portions of the components (anthraxylon, 
fibrous anthraxylon, translucent or opaque 
attritus, and fusain). Classification of the 
different coals was based upon the micro- 
scopic identification of the components. 10 
Bright coal may be anthraxylous or an- 
thraxylous-attrital; splint coals are attri- 
tal. Semisplint coals may be anthraxylous- 
attrital or attrital-anthraxylous, depending 
upon whether the anthraxylon or opaque 
attritus predominates. Cannel and bog- 
head are regarded as attrital coals. 

Thiessen 11 has classified coals in the 
categories of “coals composed of both an- 
thraxylon and attritus,” and “coals com- 
posed of attritus,” and he arranges “types 
of coal” under the headings “banded coals” 
and “cannel coals” as follows : 12 

Banded coals. 

(a) Anthraxylous coals. 

( b ) Anthraxylous and attrital coals in 

more equal proportions. 

( c ) Attrital coals. 

( d ) Splint coals (opaque attrital). 

(a) Humic coals (lucid attrital). 

(/) Spore coals. 

( g ) Humic-spore and spore-humi,c coals. 

Cannel coals. 

(a) Spore-cannel coals. 

(5) Pseudo- or humic-cannel coals. 

(c) Boghead or algal-cannel coals. 

( d ) Spore-humic cannel coals. 

( e ) Spore-opaque-attrital cannel coals. 

(/) Spore-boghead coals. 

Banded coals have a banded structure 
due to the presence of anthraxylon lenses. 
These may be numerous, as is character- 
istic of common-banded coals, or only few 
as is characteristic of splint coals. The in- 

io See p. 31 of ref. 6. 

n Thiessen, R., Illinois State Ceol. Survey, 
Coop. Mining Series Bull. 33, 58-89, especially 
63-66 (1930) ; Illinois State G-eol. Survey , Bull. 
60, 117-31 (1931). 

12 See p. 66 (1930) and p. 124 (1931) of ref. 
11 . 


tervening attrital material may be com- 
posed of various materials either in fairly 
concentrated state or mixed in various pro- 
portions. Thiessen recognized several vari- 
eties or types of attritus or attrital coals: 13 
(a) humic coals, (b) spore coal, (c) resi- 
nous coal, (d) paper coal, and ( e ) splint 
coal. “Splint coals,” stated Thiessen, “are 
quite different from other coals and are 
easily distinguishable from them, particu- 
larly in thin sections under the micro- 
scope.” (Figure 1.) “They are irregular 
and lumpy, irregular or rough in fracture, 
grayish black in color, and of granular con- 
sistency.” (Figure 2.) 

In a more recent publication, Thiessen 14 
modified earlier classifications and recog- 
nized “banded coals” and “nonbanded 
coals.” Three classes of banded coals were 
set up: “bright coals,” “semisplint coals,” 
and “splint coal.” Bright coals were sub- 
divided into subtypes on the basis of the 
proportion of anthraxylon and attritus 
present (see page 89) and might also be 
classified “by virtue of the predominance 
of the constituent” into (1) typical bright 
banded coals, (2) spore-rich coals, (3) resi- 
nous coals, (4) coals rich in cuticle (“paper 
coals”), (5) leaf coals and coals composed 
largely of bark. In spore-rich, resinous, 
cuticular, and leaf coal, the diagnostic com- 
ponent makes up more or less of the attri- 
tus. The bark, however, is generally repre- 
sented by anthraxylon, and anthraxylon 
may also be very resinous. 

Splint coal was defined by Thiessen 13 as 

one composed of anthraxylon and attritus, 
of which the latter, consisting of brown cell 
wall degradation matter and granular 
opaque matter, forms the larger part. 

13 See p. 64 (1930) and p. 123 (1931) of ref. 
11 . 

14 Thiessen, R., Proc. Fuel Engrg. Conf., Fuel 
Engrg. Div Appalachian Coals, Inc., 4 , 211-72 
(1937). 
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Fig. 1 . Thin cross section of splint coal from the High Splint Seam, Harlan County, Kentucky. 
The ground mass consists of opaque matter and in a medium thin section is entirely opaque, only 
the spores, occasionally resin particles, and strips of humic matter being transparent. 11 (x200.) 
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Translucent humic matter, resins, and finely 
divided fusain are present in smaller pro- 
portions, and spores in greatly varying pro- 
portions. 

Semi-splint coal • • * is one in which the 
proportions of anthraxylon and attritus are 


tween bright coal and a splint, in other re- 
spects, it has characteristics of its own. 

Coal petrography as advanced by Thies- 
sen recognizes the existence of a variety 
of coals. Variation, however, is interpreted 



Fig. 2. A block of splint coal from the High Splint Seam, Closplint Mine, Harlan County, Ken- 
tucky. Characteristics of the splint coals are the large number of relatively thin anthraxylon 
sheets and the relatively great amount of attritus. The attritus in this coal is composed largely 
of opaque matter, spores, and some humic and resin matters. 11 (Slightly less than natural size.) 


more or less equal, but of which the at- 
tritus is essentially composed of brown and 
granular opaque matters in varying propor- 
tions. Translucent humic matter, spores, 
pollens, and finely divided fusain are al- 
ways present in small proportions. In cer- 
tain respects its composition is medium be- 


as an effect of variation in the initial plant 
material or in the residual plant material 
after more or less decomposition in the 
peat swamp . 15 It is assumed that the fos- 

15 Thiessen, R., and Sprunk, G. G., Fuel 15, 
304—15 (1936). 
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sil plant components of the coal represent, 
in their form as coal, differences qualita- 
tively the same as those differences which 
the plant parts or secretions possessed in 
the living state, or at least in their un- 
decayed and otherwise unmodified state. 
Hence it appears logical to classify coals 
on the basis of their initial constitution and 
to call the varieties of coal thus set up 
petrographic varieties, a conclusion that is 
not universally accepted. 

The development of the European sys- 
tem of nomenclature for coal petrography 
is based upon the classification of the “coal 
ingredients” set up by Stopes. 16 This sys- 
tem of nomenclature has suffered greatly 
in its usefulness because of diverse inter- 
pretations that have been placed upon 
Stopes’s original inadequate and unsatis- 
factory definitions. This is undoubtedly 
one of the important reasons for the un- 
willingness of Thiessen to adopt the British 
terminology. The history of the changes 
in nomenclature between 1919 and 1935 
have been well summarized by Roos, 17 who 
first called attention to three sources of 
confusion in the use of the Stopes termi- 
nology: microscopic criteria have served 
as a basis for the differentiation of in- 
gredients set up on the basis of macro- 
scopic criteria; the terminology is not defi- 
nitely applicable to coals with less than 20 
percent volatile matter because of diminu- 
tion of contrasts in the luster of the in- 
gredients; and ingredients originally re- 
garded as structureless have since been 
found to possess structure. According to 
Roos several authors have misused the 
word vitrain. He quoted a discussion by 

16 Stopes, Marie C., Proc. Boy. Soc. (London), 
DOB, 470-87 (1919). 

17 Roos, G., Compt. rend, deuxibme congr 
Vavance. etudes strat. Carbonifbre, Heerlen , 1985 , 
3, 1074-7 (1937). 


Stopes of an article by Hickling and Mar- 
shall 18 in which she wrote: 

I do, however, deplore and enter an ex- 
plicit protest against the misuse of the word 
vitrain. Vitrain was defined as being a 
structureless jelly; any bright coal in which 
tissue is preserved, and not decomposed into 
a complete jelly, cannot be vitrain. It con- 
fuses the whole science involved in coal re- 
search. 

Although this interpretation placed 
upon the meaning of the term vitrain did 
little but confuse the application of this 
name, Roos stated that “'the greatest diffi- 
culty was caused by the terms clarain and 
durain.” The interpretation by European 
geologists of the description by Stopes of 
these ingredients is expressed in the fol- 
lowing quotation from Roos: 19 

Clarain comprised after the definition of 
Stopes the following types of coal: 

1. Coal having no discrete plant entities, 
but showing any structure (also the obliter- 
ated structure, which can only be detected 
after etching of the polished surface of the 
coal preparation or by other methods). 

2. The translucent gel, mixed with spores, 
cuticles, etc., in the most widely different 
quantities. 

In contrast to this opinion, other authors 
have considered the relative quantities of 
the colloidal binding material and the re- 
sistant structures plant entities as character- 
istic of clarain. So W. Francis 20 defines 
clarain as containing a small percentage, usu- 
ally not more than 5 percent, of resistant 
plant remains, such as spore exines and 
cuticles. Coal with more of these remain- 
ders is classified by Francis as durain. 

There appeared a tendency to regard 
clarain as merely a mixture of vitrain and 
durain. As stated by Roos, 21 Hickling 22 

is Hickling, H. G. A., and Marshall, C. E., 
Trans. Inst. Mining Engrs. (London), 86, 56-85, 
especially 79 (1933). 

19 See p. 1074 of ref. 17. 

20 Francis, W., Fuel, 11, 171-6 (1932) . 

21 See p. 1075 of ref. 17. 

22 Hickling, H. G. A., Fuel, 10, 212-32 (1931) ; 
Proc. S. Wales Inst. Engrs., 46, 911-51 (1931). 
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in 1931 said that “the term clarain covers 
a wide variety- of coal types, from those 
which are nearly pure vitrain, to those in 
which the proportion of vitrain is so small 
that it ceases to differentiate the mass 
from the typical durain.” Jongmans and 
Koopmans 23 have declared that clarain is 
a mixture of telain (vitrain showing plant 
structure) and durain, and accordingly the 
term clarain is not used by the Netherlands 
Geological Bureau. 

Hoffmann 24 has stated that in Germany 
for some time the alleged similarity of cla- 
rain and durain caused abandonment of 
use of the term clarain ( Clarit ), coals be- 
ing described in terms of vitrain ( Vitrit ), 
durain ( Durit ), and fusain ( Fusit ). Kiihl- 
wein 25 by 1935 had revived the term cla- 
rain (Clarit), and the four terms proposed 
by Stopes were in use by the coal petrog- 
raphy laboratory at 'Bochum. 

The development of coal-petrography 
nomenclature in France, Belgium, and Hol- 
land is described in the following summary 
by Roos: 26 

A. Duparque 27 studied polished surfaces 
of coal in reflected light, without etching 
them. He began by adopting the nomen- 
clature of Stopes, using the names vitrain 
[the fundamental substance forming the en- 
tire mass of the constituent], clarain [funda- 
mental substance dominant, but containing 
some debris and sclerenchyma; spores and 
algae somewhat uncommon], durain [numer- 
ous large and small spores; somewhat infre- 
quent fragments of wood and scleren- 
chyma; fundamental substance little devel- 
oped], and fusain. 

23 Jongmans, W. J., and Koopmans, R. G., 
Geol. Bur., Reerlen , Yearbook 1933 , pp. 49-63 
(1934). 

24 Hoffmann, E., Compt . rend, deuxi&me congr. 
Vavance. 6tudes strat . Carbonifdre, Heerlen , 1935, 
1, 313-25, especially 318 (1937). 

25 Kiihlwein, F. L., Hid., 2, 539-601 (1937). 

26 See pp. 1076-9 of ref. 17. 

27 Duparque, A., Corrupt, rend, congr. soc. sa- 
vantes Paris et dept. Poitier , 1926 , 227-35 
(1927). 


Shortly afterwards he proposed the names 
xylain and xylovitrain: 

Xylain [lignified tissues transformed into 
brilliant coal owing to a partial jellying, but 
displaying structure clearly visible under the 
microscope comparable in every way to the 
cellular structure of fusain]. 

Xylovitrain [lignified tissues transformed 
into brilliant coal but having undergone 
complete jellying (transformation into an 
amorphous material). The aspect of the 
material is identical to that of vitrain, but 
the distribution and form of the contraction 
voids differentiate it clearly], 

Vitrain [vitrain, which is formed solely by 
the precipitation of the fundamental sub- 
stance, does not contain traces of lignified 
tissue]. 28 

In 1927, 29 he gave another classifica- 
tion, with new names: houille matte — 
durain (Stopes), houille semibrillante — 
clarain (Stopes), houille brillante — vitrain 
(Stopes) . 

Roos also summarized the classification 
proposed by Legraye, 30 based upon the 
examination of polished coal surfaces, stat- 
ing that the following varieties were dis- 
tinguished: 

bright coal or vitrain — coal without apparent 
structure ; dull coal or durain — composed of 
debris which are embedded in vitrain; 
clarain — all intermediates between vitrain 
and durain; and fusain. 

The fact that the coal, particularly when 
examined by incident light as polished sur- 
faces, appeared to contain vitrainlike ma- 
terial, some of which showed discernible 
cell structure and some of which appeared 
to be structureless, appeared to some in- 
vestigators to require some recognition in 
classification and nomenclature. Hence 
Jongmans and Koopmans 31 differentiated 
the following materials: 

2 S Duparque, A., Ann. soc. g&ol. Nord, 51, 51- 
64 (1926). 

29 Duparque, A., ibid., 52, 273-96 (1927). 

30 Legraye, M., Rev. universelle mines, [8] 7, 
191-6 (1932). 

si See pp. 49-63, especially p. 50, of ref. 23. 
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Vitrain ( Vitrit ) : Completely structureless 
groundmass by which the coal is permeated 
and which serves as a binding material. 

Durain ( Durit ) : Micro conglomerate of 
small coal fragments which are embedded 
in the groundmass of vitrain. 

Telain ( Telit ): Large cell fragments per- 
meated by vitrain, which material fills the 
cell spaces. 

Fusain ( Fusit ) : Cellular fragments not per- 
meated by vitrain and with a charcoal-like 
appearance; 

Transition types of coal were recognized 
and given such names as vitrofusain, telo- 
fusain, durovitrain, telovitrain, fusovitrain, 
telodurain, fusodurain, durotelain, vitro- 
telain, and fusotelain, the meaning of each 
of which is fairly self-evident. 

In January, 1935, Stopes 32 presented 
(see Table II) a classification of coal in- 
gredients in which she revised and ex- 
panded her original ideas presented in 
1919, 16 among other suggestions proposing 
that the coalified plant materials, or prod- 
ucts of the disintegration of plant ma- 
terials, represented in the coal be regarded 
as equivalent to minerals in their relation 
to the composition of coal as a whole. 
For these components of coal she devised 
the name macerals, suggested by the name 
mineral. She also revised her original defi- 
nitions of the banded ingredients, which 
she now included under the general group 
of “rock types.” The meaning of vitrain 
was expanded to include, without question, 
the brilliant glossy bands that showed cell 
structure under the microscope. 

However, the existence of structureless 
vitrain was insisted upon, and coal or 
vitrain consisting of this kind of material 
was named eu-vitrain, the vitrain showing 
structure being named pro-vitrain. The 
eu-vitrain was further subdivided into 
ulmain, described as “completely jellified 
plant material which may, for example, lie 

32 Stopes, Marie C., Fuel, 14, 4r-13 (1935). 


at one end of only partly jellified stem,” 
and collain , described as “redeposited ul- 
min compounds precipitated from solu- 
tion.” Presumably this is the translucent 
structureless material which can be seen 
in thin sections of coal filling the cell 
spaces, and also possibly represents what 
Duparque 28 and Potonie 33 designated as 
“redeposited gel.” No important changes 
were made in the definitions of clarain, 
durain, or fusain. 

The microscopic appearance of the rock- 
type varieties was described in consider- 
able detail (Table II). In this descrip- 
tion, the macerals constitute “the organic 
units composing the coal mass • • * and 
are the descriptive equivalent of the in- 
organic units composing most rock masses 
and universally called minerals.” 

In regard to the identification of macer- 
als, Stopes stated that “'they are only vis- 
ible when thin sections are prepared for 
the microscope, or sometimes, when pol- 
ished surfaces are examined under high- 
powered lenses before or after specific 
etching treatment.” 

The schedule of nomenclature was built 
up from the following outline: 


Rock Types 
Lithological Name 
of Hand Specimen 



Vitrain 


Macerals 
(Petrographic Units, 
Microscopic) 
Vitrinite 
Fusinite 


Clarain 

Complex 

L Durain 


Vitrinite 
Xylinite 
Exinite, etc. 

Micronite (residuum) 

Exinite 

Cutinite, etc. 


The system of nomenclature for the 
macerals devised by Stopes requires, in a 


33 PotoniS, R., Deut. geol. Gee., 78 , 348-80 
(1926). 
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all of the minerals: chiefly, iron pyrites, hydrated aluminium silicates (“clays”), silica, carbonates( various), chlorides (various), also free hydrocarbons, 
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general way, that each recognizable plant 
tissue, organ or secretion, be given a dis- 
tinct name as representing a distinct sub- 
stance. Thus corky tissue in vitrain is 
called suberinite, material thought to be 
resin, resinite; exine material, e: unite; cu- 
ticular material, cutinite; particles of fu- 
sain or the material of which fusain is 
composed, fusinite; etc. This nomencla- 
ture divorces substance from form, al- 
though it is doubtful whether, as materials 
occur in coal, substance is possible of 
identification divorced from form, or that 
it ever occurs divorced from form except 
possibly for the resins and isolated waxy 
bodies. 

Those to whom such a system of nomen- 
clature is proposed must judge whether or 
not it is more effective to state that a coal 
contains numerous exines, for example, 
than to say that it contains considerable 
scattered exinite, when, in order to com- 
plete the picture, it is necessary to add 
that the exinite occurs in the form of scat- 
tered fossil exines. To some, at least, the 
nomenclature is an unnecessary elaboration 
of the academic conception of an analogy 
between coal and rock and coal compo- 
nents and rock minerals. Irrespective of 
the merits and usefulness of the term 
“maeeral” the writer believes that conve- 
nience w r ould be served if all fossil vegeta- 
tive forms in coal w r ere designated “phyt- 
erals” (<hvrov Greek meaning plant, eral 
as in mineral), the phyterals having some- 
what the same relation to macerals as 
crystals to minerals. 

The European system of nomenclature 
was summarized in the deliberations of 
the Second Congress of Carboniferous 
Stratigraphy at Heerlen in 1935, as re- 
ported by Jongmans, Koopmans, and 
Roos. 34 The schedule of names and clas- 
sy Jongmans, W, Koopmans, R. G., and 


sification in Table III was agreed upon 
by all members of the round-table con- 
ference represented by members from Eng- 
land, Germany, Austria, and Holland. A 


TABLE III 


Schedule op Coal Nomenclature Adopted 
by the Heerlen, 1935 , Round Table 


Kohlen- Rock Types 

arten Streifenarten 

Gasflamm- 1. Fusite (Fusain) 
kohle, etc. 

2. Vitrite (Vitrain) 

3. Clarite (Clarain) 


4. Durite (Durain) 


Macerals 
GefUgebestandteile 
{Mazer alien) 


1. Fusinite 

2. Sernifusinite 

3. Vitrinite|S°“ init * 

t lehmte 


4. Resinite 

5. Exinite 

G. Micronite (Opaque 
substance) 


memorandum on the proceedings of the 
conference prepared by Seyler which is in- 
cluded in the article by Jongmans, Koop- 
mans, and Roos contained the following 
statements : 


For the rock types (German equivalent: 
Streijenarten ) the terms vitrite, clarite, 
durite were adopted (these being spelled 
Vitrit, Fusit, etc., in German). The long- 
established termination -am was retained 
for the rock types in English and French. 
For the micro-petrological units, Dr. Stopes’ 
term “macerals” (or an equivalent form 
such as the German Mazeralien ) was ac- 
cepted with an alternative Gefugebestand- 
teile in German. 

In the main, the names proposed by Dr. 
Stopes for the macerals were accepted. It 
was, however, preferred to use the names 
collinite and telinite (instead of eu-vitrinite 
and pro-vitrinite) for vitrinite respectively 
devoid of structure and showing structure on 
polishing, etching, or thin sectioning. Fur- 
ther distinctions of telinite according to bo- 
tanical origin such as xylinite, periblinite, 
suberinite, were accepted, but were consid- 
ered unnecessary for general use. In the 

Roos, G., Compt. rend, deuxidme congr. Vavance. 
etudes . strat . Oarbonif&re , Heerlen , X9S5 3 
1733-5 (1938). See also Kukuk, P., and Ktihl- 
wem, F. L., GlUcJcauf 71 , 1275 (1935). 
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same way, the name ulminite was approved 
for vitrinite devoid of structure. 

Pusinite was retained for the chief maceral 
of fusite. 

It was thought necessary, however, to in- 
troduce a term semifusinite (German: Halb- 
fusinit) for material intermediate between 
vitrinite and fusinite. 

The term resinite for constituents resem- 
bling resin was accepted. 

The term exinite was adopted for the ma- 
terial of spore exines and cuticles. To dis- 


Hoffmann 24 in 1935 summarized the 
nomenclature of coal petrography for 
what are called the “coal types” in the 
Heerlen Congress as shown in Table IY. 

Raistrick and Marshall 35 in 1935 pre- 
sented a type classification in which the 
European terminology was adopted 
(Tables Y and VI) with the introduction 
of some novel ideas, and in which con- 
sideration was given to the interpretation 


TABLE IV 

Comparison of the Nomenclature for Coal Types (Banded Ingredients) as Applied 

in Different Countries 24 


Macerals 

Germany 

England 

U. S. A. . 

France 

Belgium 

Holland 

Fusit 

Faserkohle 

Mineral 

charcoal 

Fusain 

Mineral charcoal 

Fusain 

Fusain 

Fusit 

Telit 

Telit 

Glanz- 

kohle 

Bright 

coal 

Vitrain 

Bright 

coal 

Anthrax- 

ylon 

Houille 

brillante 

Charbon 

brillant 

Vitrit 

Vitrit 

Clarit 

Charbon 
semi - 
brillant 

Clarain 

Trans- 

lucent 

attritus 

Houille 
semi - 
brillante 

Durit 

Mattkohle 

Dull coal 

Semi- 

splint 

Durit 

Durain 

Splint 

Opaque 

attritus 

Houille 

matte 

Charbon 

mat 


tinguish cuticular material and spore-exines, 
the terms cutinite and sporinite were ap- 
proved, although it was the opinion of the 
conference that this distinction is not usu- 
ally necessary. “Exinite” would then cor- 
respond to the “resistant plant material” of 
Wheeler’s “rational analysis” (with the ex- 
ception of fragments of fusinite). 

The term micronite for the opaque “re- 
siduum” of durite was adopted in the form 
“micrinite” in order to keep to the ending 
-inite for .macerals. This is philogically per- 
missible since it is formed from “micro- 
inite” by the elision of the “o” before the 
suffix - inite . 

It was agreed that, in addition to the rock 
types vitrain ( Vitrit ) and fusain (Fusit) 
both the terms clarain ( Clarit ) and durain 
(. Durit ) must be retained, clarain consisting 
mainly of vitrinite admixed with exinite, and 
durain of micrinite admixed with exinite. 


of American terminology in European 
terms. Their type classification was based 
on an understanding that “type is deter- 
mined by the kind of plant material from 
which the coal is formed and is therefore 
an inherent characteristic of the coal.” 
Major categories of coal types were dis- 
tinguished, these categories being textural 
and not botanical, as would seem to be 
required if the classification is to be in 
line with the main basis of classification. 
However, the primary categories proposed 
were dependent upon the size of grain, 

35 Raistrick, A., and Marshall, C. E., The 
Nature and Origin of Coal and Coal Seams , The 
English Universities Press, London, 1939, pp. 
178—205, 271. 
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TABLE V 

Type Classification of Coal 88 


High Proportion of 
Translucent Material. 


Clarain ( Bright or Soft 
Coal ) Well - laminated coal 
with a high proportion of 
vitrinite bands and frag- 
ments together with some 
resins, spore exines, cuticles 
and a little fusinite. 




3 S 

a> co 


High Proportion of 
Opaque Material. 



Durain (Dull or Hard 
Coal) Lamination ill de- 
fined except where marked 
by thin shredlike vitrinite 
bands. High proportion of 
fusinite in lenticles, irregu- 
lar fragments and minute 
grains, together with resins, 
microspores, megaspores, 
and cuticles. In some 
varieties the spore content 
may be very high. (Spore 
coals.) 



Y 

Canriel (Parrot). Greasy 
luster. Lamination prac- 
tically absent. Plant de- 
bris highly comminuted 
with many minute vitrinite 
and other fragments. 

t 

Algal Cannels. Similar 
to cannels. Greasy luster. 
Lamination poor or absent 
Constitution as cannels but 
algae are not uncommon. 

} 

Bogheads and Torbanites t 
Similar to cannels, but as 
the content of algae rises, 
the luster is lost and the 
coal tends to become 
tirown. 



36 See p. 201 of ref. 35. 




British and German terminology as recommended by the International Committee at Heerlen, 1935. Corresponding American terms are 

those used by the U. S. Bureau of Mines 
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87 See p. 271 of ref. 35. Vitrain anti fusain according to the International Congress can be regarded as rock types (a view which was 
not adopted in the text of this book), although the distinction between vitrain and vitrinite, and fusain and fusinite, is not defined. 
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and macroclastic and microclastic varieties 
were differentiated. Clarain (bright or 
soft coal) stood alone in the macroclastic 
group. All bright coal was designated as 
clarain and contains vitrain bands of 
greater or less thickness, this coal being 
composed of vitrinite. “Clarain, the coal 
type” it was stated, “is thus the counter- 
part of the rock type of the geologist, and 
vitrinite corresponds to one of the rock- 
forming minerals. • • • Vitrinite is thus a 
hnaceral’ and a most important one.” 
The authors accordingly substituted the 
term vitrinite for vitrain, and spoke of 
vitrinite bands rather than of vitrain, al- 
though they apparently realized that the 
term vitrain will have to be recognized as 
an alternative term, but with the meaning 
of the term vitrinite. According to this 
system of terminology, vitrinite bands are 
identified as equivalent to the anthraxylon 
of Thiessen. The authors stated: 

as a result of the refinement of technique in 
preparing thin sections it has been possible 
to demonstrate that not only do the vitrinite 
bands of the British bituminous coals retain 
their original cell structure in varying de- 
grees of perfection, but also that these struc- 
tures are practically identical with those of 
the anthraxylon bands in American coals of 
Carboniferous age. 3S 

Clarain (bright coal), besides containing 
vitrinite, not uncommonly in bands of 
considerable thickness, contains also “a 
large proportion of smaller components.” 
Megaspores, microspores, cuticles, and iso- 
lated resins were mentioned as among the 
components easily recognized. Fusain, 
which was called fusinite, was also included 
among the components of clarain, as was 
also “micronite,” the name Stopes applied to 
what Thiessen appears to have designated 
the “opaque attritus .” 39 Clarain, it ap- 

3s See p. 181 of ref. 35. 

39 See pp. 193-4 of ref. 35. 


pears, is characterized by a banded ap- 
pearance; the name was used as essentially 
synonymous with “bright banded coal” 
and, therefore, includes both clarain and 
vitrain of Stopes and of the Heerlen Con- 
gress, and the anthraxylon and translucent 
attritus of Thiessen. 

Coals of the microclastic group, accord- 
ing to Raistrick and Marshall, are charac- 
terized by their fine-grained texture; the 
group includes durain, cannel coal, algal or 
boghead coals, as well as common cannel 
(parrot) coals. Durain is characterized by 
the presence of much opaque material, 
“owing to the high proportion of fusinite, 
micronite, and other semi-opaque consti- 
tuents.” 40 

Methods op Research in Coal 
Petrography 

PREPARATION TECHNIQUE 

The technique of microscopic research 
bearing on the petrography of coal has be- 
come essentially stabilized during the past 
twenty years. At present the prevailing 
methods of examining coal microscopically 
are: the thin-section method; the metallo- 
graphic method using polished surfaces; 
the same method using etched surfaces or 
surfaces that are relief polished ; and finally 
the maceration method for examining the 
more resistant components of the coal after 
the selective removal of the more soluble 
constituents, particularly the humic matter. 

Thin Sectioyis. The technique of micro- 
scopic study of thin sections of coal in- 
volves first the methods of preparation of 
material for study. The preparation of 
thin sections has been described by Thies- 
sen, Sprunk, and O'Donnell 41 No thin- 

40 See p. 195 of ref. 35. 

41 Thiessen, Sprunk, G. C., and O'Donnell, 
H. J., XJ. 8. Bur. Mines, Inf. Oirc. 7021 (1938), 
8 pp. ; Fuel, 17, 307-15 (1938). 
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section technique superior to that used at 
the Bureau of Mines has been developed. 

Polished Surfaces. The technique of 
polishing surfaces of coal to study by 
metallographic methods originated with 
Winter 42 and was later modified to the 
extent of etching the polished surface with 
Schultze’s reagent to bring out the struc- 
ture. The polishing method was employed 
by Legraye. 43 Seyler 44 also used polished 
surfaces, employing a method essentially 
that devised and used by Sorby for metal- 
lography. Duparque is the outstanding 
advocate of the “simple polished surface,” 
which is fully described in his work on the 
microscopic structure of the coals of Nord 
and Pas-de-Calais 45 

In discussing the objections that have 
been raised against the method of simple 
polishing, Duparque pointed out that the 
three main reasons for unsatisfactory 
specimens are the formation of an undesir- 
able specular polish which conceals the 
underlying coal structure, the fouling of 
the surface by foreign material, and the 
presence of scratches. Duparque did not 
approve of relief polishing advocated by 
Stach. 

The high quality of Duparque ’s skill in 
the preparation of polished surfaces and 
in their photography is indicated by Figs. 

6 to 13 shown on pages 109 to 116. These 
photographs represent unetched, simple 
polished surfaces and were obtained by the 
use of the metallographic type of micro- 
scope and reflected light. 

Relief Polishing and Etching. Winter, 
Stach, Jongmans, Roos, and others have 

42 Winter, IL, Gliiclcauf , 40, 1406-13 (1913); 
Fuel, 2, 78-82 (1923). 

43 Legraye, M., Ann. soc. geol. Belg 51B, 145- 

7 (1928). 

44 Seyler, C. A., Dept. Sot. Ind. Research 
{Brit.), Fuel Research Board , Phys. Chem. Surv . 
National Coal Resources , 13, 6 (1929). 

45 Duparque, A., Mem. soc. g£ol. Nord, 11, Pt. 
I, 35-51 (1933). 


modified polished-surface technique by re- 
lief polishing or by relief etching. Stach 46 
is the outstanding exponent of relief pol- 
ishing. His Kohlen'petrogra'phisches PraJc- 
tihum is essentially an exposition of this 
method. Stach also has used the relief - 
polishing technique in the study of fine 
coal and dust. 47 

The etched-surface technique employed 
by Koopmans, Jongmans, and Roos has 
been described by Roos. 48 After polishing 
and relief etching, following in general the 
method employed by Stach except that no 
laps are used, the specimen is allowed to 
dry out for several days, after which it is 
acid etched. The specimen is cut in two 
pieces, one of which is acid etched in a 
mixture of 10 cc. concentrated sulfuric acid 
and 30 cc. saturated solution of chromic 
acid. (See Fig. 3.) Iwasaki and Hsieh 
have also described the acid etching 
method. 49 

Maceration. The maceration method 
was introduced by Schulze 50 and im- 
proved by von Giimbel. 51 The method 
was also used and improved by Thiessen. 52 
(See also Bode. 53 ) 

46 Stacli, E., Kohlenpetrographisches PraTcti - 

hum, Gebriider Borntraeger, Berlin, 1928, p. 65 ; 
Mitt. Aht. Gesteins Erz-, Kohle -, und Salzunter- 
such. preuss. geol. Landesanstalt, 2, 75-94 

(1927). 

47 Stach, E., Lehrhuch der Kohlenpetrographie , 
Gebriider Borntraeger, Berlin, 1935, pp. 227-55. 

4S Roos, G., Compt. rend, deuxi&me congr. V ad- 
vance. etudes strat. Carhonijere, Heerlen, 1935 , 
2, 1100 (1937). 

49 Iwasaki, C., Fuel, S, 143-4 (1929). Hsieli, 
C. Y., Art). Inst. Paldolotanih Petrog. Brenn- 
steine , preuss. geol. Landesanstalt, 2, 25-37 
(1930). 

50 Schulze, F., Ber. 7c. ATcad. TViss. Berlin, 
1855, 676— S. 

51 Von Giimbel, C. W., Sitzber. math-, phystlc. 
Klasse Alcad. Wiss. Miinchen, 13, 111-216 (1883). 

52 Thiessen, R., XJ. 8. Bur . Mines, Bull. 3S, 
216-8 (1913). 

53 Bode, H., Berg. Tech., 21, 305 (1928) ; Fuel, 
S, 86-90 (1929). 
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Fig. 3. A comparison of etched (left side) and unetched (right side) coal surfaces. The coals 
shown increase in rank from No. 7 to No. 12. (x30.) After Roos. 48 
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Schopf 54 has described the maceration 
method in a discussion of the spores of 
Herrin (No. 6) coal in Illinois. The gen- 
eral procedure involved the oxidation of 
the ulmic material in the coal and its 
removal by alkalies. Lignites and brown 
coals do not require oxidation in order to 
dissolve the ulmins and thereby release 
the waxes and resins and other less soluble 
residues. On the other hand, high-rank 
bituminous coals and anthracites show 
little if any response to oxidizing agencies. 
The maceration procedure is, therefore, not 
satisfactory for such coals. Schopf re- 
ferred to a summary of the present-day 
maceration methods by Jurasky 55 and to 
descriptions of methods published by 
Zetzsche and Kalin, 56 by Zerndt, 57 and 
by Sahabi. 58 

j Study of Coal Dusts. One other tech- 
nique that has been given some attention 
is connected with the study of coal dusts 
and fine coals. The purpose of such 
studies is the identification of the com- 
ponents of the dust in terms of the banded 
ingredients or macerals (phyterals). The 
problem of preparation is to find the most 
convenient way of handling the material. 
There are two prevailing procedures. 
Some technicians prefer to examine the 
fine material as loose fragments and to 
make determinations, separations, and 
counts by manual manipulation, after the 
method employed in making counts of any 
fine material of varying composition. 59 

54 Schopf, J. M., Illinois State Geol. Survey, 
Rept. Investigations, 50, (1938), p. 8. 

55 Jurasky, K. A., Handb. biol. Arbeitsmeth - 
oden, 11, Teil 4, Heft 2, 331-52 (1931). 

56 Zetzsche, F., and Kalin, 0., Braunkohle, 31, 
345-51, 363-6 (1932). 

57 Zerndt, J., Acad, polon. sci., Comiti pub. 
siUsiennes, Trav. Gdol., No. 1, p. 3 (1934). 

58 Sahabi, Y., dissertation, Lille, 1936, 64 pp., 
especially 14 and 18. 

59 Taggart, A. F., Handbook of Ore Dressing, 
John WiJey & Sons, New York, 1927, p. 1193. 


Identification of particles in terms of in-, 
gredients depends upon ocular inspection 
and the experience and skill of the oper- 
ator, and also upon the purity of the indi- 
vidual fragments. One of the uses of this 
method is the estimation of the fusain 
content of de-duster dust and washery 
refuse. 60 

Another method used and advocated 
mainly by European technicians involves 
the formation of some sort of briquet so 
that the coal is in a more or less solid 
form which can be cut and polished. 
Stach, 47 one of the chief advocates of this 
method of studying fine coal and coal 
dusts, has suggested three methods of pre- 
paring the coal for examination, which he 
calls the molding, the impregnation, and 
the compression methods. In the first two 
the coal is mixed with a wax called 
Schneiderhohn’s mixture. In the molding 
method the powdered wax and coal are 
mixed cold and then heated in a small 
mold until the wax melts, after which the 
mixture is cooled to form a small block. 
In the impregnation method the coal pow- 
der and wax are heated separately, the 
coal being added to the melted wax or the 
melted wax poured on the coal. Appar- 
ently more coal can be used in proportion 
to the wax in this method than in the 
molding method, resulting in a closer spac- 
ing of the coal particles (Fig. 4). In the 
compression method, the coal is made into 
a more or less solid briquet either by com- 
paction or impact. 

Piersol 61 has formed impaction and 
compaction briquets which, although no 
binding material is used, are sufficiently 
solid to saw and polish much as the origi- 
nal coal. The physical constitution of such 

60 Parks, B. C., and McCabe, L. C., Illinois 
State Acad. Sci., 33, No. 2, 164-81 (1940). 

61 Piersol, R. J., Illinois State Geol. Survey, 
Rept. Investigations No. 31, 1933, 70 pp. 
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briquets has not been studied to any ex- 
tent. 

The preparation of embedded coal speci- 
mens for laboratory study has been much 
simplified because of the recent availability 
of thermoplastic powders from which either 


MEGASCOPIC TECHNIQUE 

Megascopic technique consists mainly in 
the identification and quantitative meas- 
urement of the banded ingredients observed 
with the unaided eye. For such studies, 



Fig. 4. On the left is a polished and etched surface containing fragments of Gasflammkohle 
prepared by molding (Gussscliliff) ; on the right is a similar surface of fragments of Peisenberg 
pitchcoal made by the impregnation methods. ( Tranhschliff ) . Oil immersion. (x200.) After 
E. Staeh. 47 


opaque or transparent mounts can be 
quickly prepared using a specially heated 
hydraulic press. The coal dust and ther- 
moplastic powder are mixed in the dry state 
in the proportion desired, and the mixture 
is placed in an electrically heated mold as- 
sembly on the hydraulic press and com- 
pressed and heated for a few minutes, 
thereby providing a mount in which the 
coal fragments possess circumambient visi- 
bility if a transparent thermoplastic (Lu- 
cite) is used. 


columns cut from the coal seam are gener- 
ally used, one surface usually being 
smoothed and polished to make identifica- 
tion possible. From such columns, profiles 
are prepared which provide a basis for 
delineation of the physical composition of 
the coal, either graphically or photograph- 
ically, and for physical analysis in terms 
of the banded ingredients. Such profiles 
can, of course, also be prepared on the 
basis of microscopic examination, and, 
usually, the published profile represents 
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the results of both microscopic and mega- 
scopic determinations. 

Drath and Jaskolski 62 have published a 
diagrammatic megascopic profile of the 
Otto coal seam, Upper Silesia. Roos 63 has 
published numerous profiles of a coal seam 
in the South Limburg region in the Neth- 
erlands. Coal-seam profiles accompany the 
descriptions of coal seams prepared by R. 
Thiessen and his associates in connection 
with the studies of coke-, gas-, and byprod- 
uct-making properties of a number of 
American coals. 6 Kiihlwein 64 and asso- 
ciates have presented profiles of the Ruhr 
coals. Koopmans 65 has published profiles 
of certain Netherlands coal seams; and 
many profiles of English coal seams have 
been published in the reports of the Physi- 
cal and Chemical Survey of the National 
Coal Resources. 66 McCabe 67 and asso- 
ciates have used the profile method to 
determine the percentage of banded in- 
gredients in (Herrin) No. 6 Seam coal in 
southern Illinois. 

USE OF X-RAYS 

X-ray shadow pictures have had consid- 
erable use as a graphical means of differ- 
entiating between the various banded in- 
gredients. Kemp 68 has probably provided 
the best description of the technique to- 
gether with a bibliography of earlier arti- 
cles. Kemp used blocks of coal cut into 

62 Drath, A., and .Taskolski, S., XII Ann. Polish 
Geol. Boc., Krakow, 1936, 685-761. 

63 See pp. 1057-161 of ref. 17. 

64 Kiihlwein, F. L., Compt . rend, deuxieme 
congr. Vavance. etudes strat. Garbonifere, Heer- 
len , 1935 , 2, 539-601 (1937). 

65 Koopmans, R. G., ibid., 2, 523-6. 

66 Dept. Bei. Inti. Research, Fuel Research, 
Phys. Ghem. Burv, Nat. Coal Resources, Nos. 3-6, 
10, 13, 18, 19, 21, 22, 24, 25, 27, 30, 34, 35, 36, 
38-43, 45-47, 1923-39. 

67 McCabe, L. C., Mitchell, D. R., and Cady, 
G. H., Illinois Btate Geol. Survey, Rept. Investi- 
gations 34, 1—44 (1934). 

68 Kemp, C. N., Proc. Roy. Soc. Edinburgh, 4S, 
167-79 (1929). 
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slabs of uniform thickness of half-inch and 
took ordinary and stereoscopic radiograms 
(Fig. 5). 

The use of radiograms to indicate the 
amount of impurities present in coal has 
been suggested by several investigators. 69 

Beeching 70 (1938) made radiographs of 
slabs of coal that had been soaked in a 
solution of lead salts. The general result 
was to show more clearly the planes and 
loci representing open cavities in the coal. 
For coal petrography, the significance of 
the method is not apparent. 

The behavior of coal and of the coal 
ingredients with respect to X-rays, the in- 
terpretation of X-ray diffraction patterns, 
and other X-ray phenomena are discussed 
in the section dealing with the physical 
properties of coal. (See Chapter 7.) 

REACTION TO PHOTOGRAPHIC PLATES 

Stopes 71 has briefly called attention to 
the differences in the reaction of the banded 
ingredients when placed in contact with 
photographic plates. Vitrain was found to 
make the most intense image. The pro- 
cedure appears to have no particular value 
as a means of identifying the ingredients, 

MICROSCOPIC TECHNIQUES 

Polished and Polished-and-Etched Sur- 
faces. The satisfactory study of simple 
polished surfaces of coal that have not 
been etched requires a microscope of the 

69 Chance, H. M., Fuel, 3, 213-7 (1924). Ca- 
stelli, G., Rass. min. met. chitn., 63, 25-32 
(1925). Lessing, R., Fuel, 5, 17-23, 69-76, 117- 
24, especially p. 23 (1926). Sinnatt, F. S., Fuel 
Boon. Rev., 6, 9-11 (1927). Louis, H., The 
Preparation of Coal for the Market, Methuen & 
Co., London, 1928, 217 pp. Stach, E., Mitt. Abt. 
Gesteins Erz-, Kohle und Salz-Untersuch. 
pireuss. geol. Landesanstalt, No. 4, 1-23 (1928). 
Van Aubel, R., Rev. ind. mmtirale. No. 177, 163- 
70, 189-95, 1928. Mitchell, D. R., Univ. Illinois 
Eng. Exp. Sta ., Bull. 258, 21-25 (1933). 

70 Beeching, R., J. Inst. Fuel, 11, 240-2 (1938). 

71 See p. 475 of ref. 16. 
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Pig. 5. Radiograph of a slab of bituminous poal. After Kemp. 68 
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metallographic type. The use of this in- 
strument necessitates the production of an 
absolutely plane, highly polished surface 
which is placed at right angles to the axis 
of the microscope. The method is most 
satisfactorily applied to the higher-rank 
coals such as high-rank bituminous coals 
and anthracite, which, on the other hand, 
are less amenable to other methods of 
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preparation. The outstanding exponent of 
the metallographic method for simple pol- 
ished surfaces is Duparque . 27 

The petrographic components revealed 
by this method are, in the main, the same 
as those revealed by other techniques, and 
in general they are similarly interpreted in 
terms of plant tissues. Components par- 
ticularly clearly revealed because of the 



Fig. 6. A portion of a polished surface of bituminous coal ( houilles sdcftes a longue flamme ) 
showing a band of vitrain (J Jb) ( houille Irillante ) between two layers of durain ( houille mate). 
The upper half of the picture shows durain containing numerous megaspores (Ms). Duparque 
stated that all the space between the megaspores is occupied by a felting ( feutrage ) of microspores 
(m) embedded in an amorphous groundmass ( ciment ). (x50.) After Duparque.* 4 
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slight differential effect of polishing are the 
materials having an original waxy or resin- 
ous composition such as spore exines (Fig. 
6), cuticles (Fig. 7), resinous bodies (Figs. 
8 and 9), resins in vitrain bands (Fig. 10), 
fusain (Fig. 11), bogen structure (Fig. 12), 
and cell structure in vitrain (Fig. 13). 

Certain American coals have been de- 
scribed and studied by Fanshaw, 72 employ- 


ing the Duparque technique of simple pol- 
ishing and the metallographic microscope 
for observation and photography. 

Polished surfaces that have, been modi- 
fied by relief polishing, or by etching by 
any of the possible methods, may be ex- 
amined by the metallographic microscope, 
this being the type of microscope p re- 

72 Fanshaw, J. R., dissertation, Lille, 1930. 



Fig. 7. Polished surface of a high-volatile (volatile matter, 34.5 percent) bituminous coal 
( houille grasse a gas), showing a number of cuticles (Ct). The clear areas between the cuticles 
(I) were believed by Duparque to be jellified leaf tissue. The ground mass is “rich in micro- 
spores” (ms). (x55.) After Duparque. 27 
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ferred by Winter, 42 Stach and Kiihlwein, 73 
Stach, 46 Roos, 17 and others. 

The results obtained by Roos in the pho- 
tography of etched polished surfaces are 
shown in Figs. 3 (see page 104), 14, and 
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graphs 13, 14, 15, and 16). Bright coal 
will sometimes show organic structures 
(Fig. 15, photographs 17 and 18), but not 
uncommonly it appears brilliant and with- 
out structure and is called collain (Fig. 16). 



Fig. 8 . Polished surface of a high-volatile bituminous (volatile matter, 42.75 percent ( honille 
soche a longue flamme fl&nu sac), described by Duparque as a durain “very rich in microspores 
(ms) and containing numerous resinous bodies (R)” R x , R z , and R 3 were described as round, 
unflattened resinous bodies ; R, P 4 , and R. Were identified as fossilized (resinized) tissues ; and 
Rq as a resinous body analogous to R lf R. 2 , and R 3 but more or less disintegrated and mixed with 
cement (P). (x55.) After Duparque. 37 


15. 17 Figure 14 shows particularly well the 
shapes of spore exines (photographs 27, 28, 
and 29) and of cuticles (photographs 31, 
32,, 33 and 34). Photograph 30 was de- 
scribed as a piece of telainized wood tissue 
(anthraxylon?). In Fig. 15, fusain is 
clearly differentiated by etching (photo- 

73 Stach, EL, and Kuhlyyein, F. ?>., 

£5, 842—5 (1928), 


Within the last ten years the ultropak 
type of equipment has found some appli- 
cation for the examination of polished-and- 
etched surfaces. Its particular, advantage 
is that colors of the various components, 
as well as shapes, aid in their identification, 
particularly if the coal is viewed under 
immersion. Even scTthe colors are far less 
effectively shown than they are in thin sec- 
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tions. This advantage does not usually 
extend to photography unless film to re- 
produce colors is used. 

Kiihlwein, Hoffmann, and Krupe 74 have 
discussed at considerable length the elab- 
orate universal microscopic equipment 
(Panphot, E. Leitz) for the study of pol- 
ished-and-etched surfaces, which permits 


respect to the differentiation and identifi- 
cation of the coal components . 75 

The polarizing microscope has been rec- 
ommended by several investigators 76 for 
studying polished or polished-and-etched 
surfaces of coal. 

The use of polarized light and the polar- 
izing microscope, as explained by Hsieh , 76 



Fig. 9. Polished surface of a high -volatile coal (volatile matter, 35.5 percent) ( houille grasse 
a gaz ). The illustration shows a group of resinous bodies (#) in a groundmass composed mainly 
of microspores (ms). (x250.) After Duparque. 87 


the use of integrating stages, monocular 
and binocular tubes, polarized light, ar- 
rangements for photography, etc. These 
writers also have called attention to the 
dual or “comparing microscope” for the 
close comparison of similar forms, of mix- 
tures of coal, and of rank differences of 
the same type of coal. Doubt exists 
whether such elaborate equipment is neces- 
sary to attain all the results desired with 

74 Kiihlwein, F. L., Hoffmann, E., and Krupe, 
E., Gliickauf, 70, 777-84 (1984). 


depends upon the anisotropism of coals, 
Anisotropism increases with the rank of 
the coal, so that any advantage that exists 
for polarized light over unpolarized light 
increases with rank. Hsieh claimed that 
polarized light in the study of polished sur- 

75 See p. 1086 of ref. 17. 

76 Hsieh, C. Y., Geol. 8oc . China , Bull. 9, 311- 
20 (1930). Hoffmann, E., Gliickauf , 68, 523 
(1932). Hoffmann, E., and Jenkner, A., ibid,, 
68, 81-8 (1932). Seyler, C. A., Colliery Guar- 
dian, 155, 990-4, 1046-8, 1087-9, 1137-9 (1937) ; 
Proo. 8. Wales Inst . Engrs., 53, 254-327 (1938) ; 
Fuel, 17, 177-86, 200-9, 235-42 (1938). 
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faces of anthracite served to reveal the 
vegetable tissues as effectively as the flame 
etching of Turner. 77 

Hsieh, Hoffmann, McCabe, and Quirke, 78 
and others have taken the polarizing effect 
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light. 79 The purposes of the lens, accord- 
ing to Hsieh, 76 are (1) to increase the de- 
tail and fineness of the image when ex- 
amined with strong illumination; (2) to 
detect, in an approximate way, the rate of 



Fig. 10. Polished surface of high-volatile bituminous coal (volatile matter, 3S.1S percent) 
( houille grasse a gas), showing an intercalation of a band of vitrain {HI)) containing resin bodies 
( R ) between two bands of durain ( houille mate). There are microspores (ms) in the durain and 
a large amount of pate (P) (cement or fundamental matter). (x50.) After Duparque. 27 


of polished surfaces of coal as an index of 
coal rank, as is explained in Chapter 7. 

Considerable importance is placed upon 
the oil-immersion lens in the study of pol- 
ished surfaces with or without polarized 

77 Turner, H. G., and Randall, H. R., Trans. 
Am. Inst. Mining Met. Engrs 71, 127—48 
(1925) ; J. Qeol 31, 306-13 (1923). 

78 Quirke, T. T., and McCabe, L. C„ Bull. Q-eol. 
Soe. Am-* 49, 669-82 (1938), 


decrease of reflecting power; and (3) to 
detect internal reflection colors. 

Microscopic study of polished and of 
polished-and-etched surfaces provides a 
basis for the identification of the petro- 
graphic components and for the classifica- 
tion of coal on the basis of its physical con- 
stitution in the terms of such components. 


79 stach, E„ Gliickauf, 73, 330-3 (1937). 
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The varieties of vitrain, structureless and 
that showing structure, are usually recog- 
nized by those employing this technique in 
accordance with the classification proposed 
at the Second Heerlen Congress, 1935. 


THIN SECTIONS 

The microscopic technique followed in 
the study of thin sections is relatively 
simple. A good high-power microscope and 
good illumination are the essential require- 



Fig. 11. Polished surface of a high-volatile bituminous coal (volatile matter, 34.5 percent) 
( honille grasse a gaz ), showing a band of vitrain (xylain passing into xylovitrain) at the top (Tl), 
resting upon an irregular band of fusain (F). Duparque believed that the fusain shows evidence 
of having been plastic before it was solidified. At the bottom is a body of amorphous cement (P). 
(X250.) After Duparque. 27 


(See page 98.) A relatively recent de- 
scription of coal based upon this technique 
is that of Drath and Jaskolski 62 of the 
Otto coal seam, Upper Silesia. The sort of 
physical analysis given is typical of the 
contributions to petrography and descrip- 
tion of European technicians who work 
with polished and etched surfaces. 


ments. Some laboratories have elaborate 
instruments in which the source of illumi- 
nation is fixed in the stand. Others have 
found simpler apparatus satisfactory. 

The comparative simplicity of thin-sec- 
tion microscopy of coal arises from the 
relative ease of differentiation of the vari- 
ous components of coal and the usual dis- 
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tinctness of the organic structures in a 
well-prepared thin section. The prepara- 
tion of the thin sections is probably the 
main “bottle-neck” in the technique. Pho- 
tography of polished and polished-and- 
etched surfaces reproduces fairly accurately 
what the eye observes since distinctions are 
mainly those involving lighting rather than 
color, but photographs of thin sections, 
unless they are made and reproduced in 
color, do not do this. Differences in color 
which are important in the differentiation 
of components are not shown. Reproduc- 
tions of photographs of thin sections are, 
therefore, not always distinguishable from 
reproductions of photographs of polished 
surfaces, whereas, if the colors were repro- 
duced, there would be no question about 
the source of the photograph. 

Except for coals of low-volatile and 
higher rank, from which it is very difficult 
to make thin sections, the thin-section 
technique is regarded in America and gen- 
erally in England as preferable to the pol- 
ished-surface or the polished-and-etched- 
surface technique. 

OBJECTIVES OF PETROGRAPHIC STUDIES 

The primary purpose of the microscopic 
study of coal is the identification of the 
components of coal. The purposes of such 
identification differ. If the purpose of the 
study is mainly petrographic, then pre- 
sumably the identification will be petro- 
graphic, and the components will be 
thought of as coal material. On the other 
hand, if the point of view is chiefly paleo- 
botanical, the components are mainly of 
paleobotanical interest. Coal petrography 
has not become sufficiently well organized 
in technique and terminology for the fields 
of paleobotany and of petrography to 
have become definitely separated. Some 
writers emphasize the petrographic and 
others the paleobotanical aspect of coal 


microscopy. In addition to this confusion 
is the difficulty of nomenclature as em- 
ployed by those using thin sections and 
those using polished and polished-and- 
etched surfaces for examination. 


Fig. 12. Crushed fusain or “bogen structure” 
as it appears in a polished surface under high 
magnification. (xTSO.) After Duparque . 27 

A systematic science of coal petrography 
will eventually rely upon a standard micro- 
scope technique for description, definition, 
and nomenclature for the varieties of coal. 
Such standardization has not yet been 
achieved. 

Paleobotanical Studies 

Coal petrography is closely related to 
coal paleobotany because of the definite 
identification of the physical components 
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of coal as representing initial plant tissues, 
organs, or secretions. Whether one is 
studying coal from the standpoint of the 
coal petrographer or from that of the pale- 
obotanist, it is desirable to understand the 


with respect to their botanical significance. 
A large amount of literature, therefore, 
deals with the botanical significance of the 
macerals (or phyterals) present in coal. 
Space will not permit more than a brief 



Fig. 13. Polished surface of a high-volatile bituminous coal (volatile matter, 33.60 percent) 
( houille grasse a gaz), composed mainly of vitrain ( Tl ) in which islets of cell structure (/) can be 
seen. Most of the vitrain appears “amorphous” (Sa). In the upper part of the picture there are 
one large spore (Ms) and a considerable amount of cement (P). A microspore is indicated by the 
symbol (ms). The upper band Duparque called clarain. (x55.) After Duparque. 27 


botanical significance of the components of 
the “coal conglomerate,” as it has fre- 
quently been called. The fact that the 
study of coal has commonly been carried 
on by students who are botanically trained 
has resulted in overemphasis of the botani- 
cal side of coal petrography, and studies 
have been directed largely toward the in- 
terpretation of the constituents of the coal 


consideration of the nature of paleobotani- 
cal studies that have been directed toward 
the discovery, isolation, identification, de- 
scription, and classification of the various 
fossil plant forms (phyterals) that have 
been found in coal. 

Plant entities present and identifiable in 
coal may be conveniently grouped under 
six headings: spore exines, cuticles, algae, 
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fungi, unorganized resins and waxes, and 
wood or bark tissues. The wood and bark 
tissues and some of the resinous material 
are found in the vitrain (anthraxylon) 
bands or lenses; the other tissues or organs 
compose a large part of the clarain and 


be recognized in thin sections and in pol- 
ished-and-etched surfaces. 

The character of the spores obtained 
from bituminous coal by maceration is il- 
lustrated by the forms shown in Fig. 17, 
all of which were isolated from Herrin 



Fig. 14. A series of photographs showing “some different forms in which plant tissues may be 
found in coal.” Photographs 31, 32, 33, and 34 were said to represent cuticles. Photographs 27, 
28, and 29 show megaspore exines, and 30 was thought by Roos to be a fragment of “telainized wood 
tissue.” (Photographs 27, 29 to 32 inclusive, and 34, xoO; 28 and 33, xlOO.) After Roos. 1 ® 


durain that are the attrital part of coal. 
Numerous attempts have also been made, 
with varying success, to discover the bo- 
tanical significance of opaque matter char- 
acteristic of durain or splint coal. 

The study of spore exines as paleobotani- 
cal entities and as a basis for taxonomic 
and stratigraphic studies has long been 
under way, particularly in Europe. The 
purpose of these studies has been mainly 
to identify and classify the forms that 
could be isolated from the coal or could 


(No. 6) coal seam in southern Illinois, ex- 
cept photograph 55, which came from Col- 
chester (No. 2) coal seam in northwestern 
Illinois. 54 

Like spores, the fragments of cuticles of 
leaves and stems are recovered in more or 
less unmodified form when coal is sub- 
jected to maceration. They have received 
considerably less attention from paleobot- 
anists than have spores. Among the coals 
in which cuticular remains are particularly 
important is the so-called Moscow paper 
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coal, composed very largely of the leaves 
of Porodendron. This is a brown coal of 
Lower Carboniferous (Mississippian) age. 80 

The presence of algae is the diagnostic 
criterion for the identification of boghead 
cannel coal. These coals have a very lim- 
ited distribution, but, inasmuch as the 
forms preserved in the coal represent com- 
plete plant structures, systematic studies 
have been made of the algae of a few clas- 
sical regions such as the boghead (torban- 
ite) region of Scotland 81 and that of 
Autun, 82 France. 

Fungi are represented in coal, particu- 
larly by the bodies called sclerotia. These 
have been studied and described by 
Stach. 47 There appears to be no question 
of the occurrence of sclerotia in brown-coal 
(Fig. 18) but some uncertainty exists 
about the correctness of the identification 
of certain forms observed in polished-and- 
etched surfaces of bituminous coals (Fig. 
19). 

Resin bodies and waxes found in coal 
do not possess organic structure but con- 
sist of secretionary or excretionary masses. 
When they exist as rodlets (Fig. 20) they 
presumably have an external form repre- 
senting the impression of the cell in which 
the secretion took place. In thin sections, 
probably representing wood tissue of prim- 
itive Gymnosperms (MeduLlosa ) , rodlets 
commonly appear as elliptical structureless 
bodies (Fig. 21). Waxes even more than 
resins are lacking in morphological struc- 
ture, being mainly excretory in nature, 
commonly occurring in droplets embedded 
in the coal. 

Opaque matter is a constituent of eer- 

80 Bode, H., and Feist, G., Bi'aunhoh le, 27, 
1070-87 (1926). 

si Temperley, B. N., Trans. Roy. Soc. Edin- 
burgh , (3) 58, 855-68 (1936). 

82 Bertrand, C. E., Bull. soc. ind. minirale , 
(3) 0, 453-506 (1892). 


tain types of coals such as the splint coals 
of North America (Figs. 1 and 2) and 
probably also of most coals called durain 



Fig. 16. According to Boos the illustrations 
numbered 40, 41, and 42 represent inclusions of 
pure collain in durain. “Energetic etching did 
not produce any traces of structure, as will be 
clearly shown by Fig. 41, which was taken at a 
higher magnification.” (Photographs 40 and 42. 
X70; 41, xl40.) After Boos. 17 

or matte coals in Europe. The botanical 
significance of opaque matter has been the 
subject of much speculation and research 
by certain coal botanists and geologists, 
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particularly Thiessen and Sprunk 14 in 
America and Stach 83 in Germany. 

Thiessen recognized two kinds of opaque 
matter: semitranslucent or brown matter, 
and finely divided or granular opaque mat- 
ter. The brown matter is this color only 
in very thin sections. The granular 

83 Stach, E., 8 iteber. preuss. geol. Landesan- 
stalt. No. 7, pp. 15-25, 1932. 


opaque matter, according to Thiessen and 
Sprunk, originates in and is due to the 
disintegration of the secondary wall of the 
tracheids of wood cells. It remains 
opaque, however thin the section is ground 
(Fig. 22). 

Stach, as a- result of the study of pol- 
ished surfaces of durains, recognized three 
varieties of opaque substance, which he 


Fig. 18. Sclerotia from brown coals, after Stach. 47 

a and b. Sclerotites trandonianus from Lower Mesozoic HartbraunJcohle. (x775.) 

c. Sclerotites cavatoglobus St. from Eocene Harfbraunhohle from Dorog, Hungary. (x775.) 

d. Sclerotites sp. from Tertiary coal from Canca-Filadelfia Columbia. (xl550.) 
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designated particles, flakes, and granules, sist mainly of small particles of fusain or 
The opaque granules appeared to cor re- sclerotia fragments. Stach placed no diag- 

spond to the granular opaque matter of nostic significance on the occurrence of 
Thiessen and Sprunk, but Stach did not opaque matter in durain. 
explain their origin, although he expressed The difference between fusain and granu- 
the opinion that they were in some way lar opaque matter is probably a matter 
related to microspores. The opaque par- mainly of academic interest, since both 

tides and opaque .flakes appeared to con- materials appear to be highly carbonized 



Pig. 19. Forms in bituminous coal identified as sclerotia by Stach. 47 

a. A sclerotium in durain of FlammkoJi le from the Ruhr. (xl55.) 

b. A sclerotium ( Kerim skier otium) in a durain from Gasflammkohle. (xl55.) 

c. Sclerotia ( Kerbensklerotia ) in a Sarre coal. (xl55.) 

d. Deformation of fusain by a sclerotium ( Flammkohle ) from the Ruhr. (x!55.) 
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as indicated by their opacity in the thin- 
nest possible section and their brilliance 
in polished sections. 

Investigations by Thiessen 14 and by 
Hickling and Marshall 1S > 84 have demon- 
strated that the vitrain bands in bitumi- 
nous coals in this country and in England 
are composed of identifiable wood. Thies- 
sen and Sprunk 85 have said: 

84 Hickling, H. G. A., and Marshall, C. E., 
Trans. Inst. Mining Engrs. {London), 84, 13-23, 
(1932-3). 

85 Thiessen, R., and Sprunk, C. G., U. S. Bur. 
Mines , Teqh. Paper 564, 3 (1935). 


The remaining plant structures in the an- 
thraxylon strands are of specific types rep- 
resented by definite structures, one assigned 
to the genus Bothredendron [sic] [Fig. 23] 
and the other to the genus SigUlaria. The 
gymnosperms are also represented by two 
definite types, one a cycadophyte [Fig. 24] 
and the other a conifer [Fig. 25]. 

As a result of the careful studies that 
have been made of the characteristics of 
the structure of vitrain and the correlation 
of the structure with impression fossils, it 
is apparent that vitrain has its value as 
paleontological material. 



Fig. 20. Resinous casts exposed on a slab of Herrin (No. 6) Seam coal from mine at Zeigler, 111. 
Photograph by U. D. Vaughan, courtesy Illinois State Geological Survey. (x6%.) 
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Fig. 21. Elliptical resin rods in a band of vitrain in Illinois high-volatile bituminous coal. Pho- 
tograph by L. C. McCabe. (x200.) 


Practical Application of Coal 
Petrography 

... COAL PREPARATION AND UTILIZATION 

The practical significance of coal petrog- 
raphy up to this time has been mainly in 
the field of coal preparation. Just as the 
petrographic constitution of a coal pro- 
vides a fundamental basis for type classi- 
fication, it also provides a basis for con- 
trolling the nature of the coal composition 
mechanically. It is quite possible, by tak- 
ing advantage of the differences that exist 


in the physical properties of the different 
components of coal, so to adjust the pro- 
cedure of mechanical preparation that con- 
centrations of certain constituents can be 
brought about, thus producing a type of 
coal having characteristics quite different 
from the average quality of the coal in the 
bed* Such possibilities provide a means 
for preparing from common banded coal 
several types of coal, one or more of which 
may be better adapted for some specific 
use, such as combustion in household 
stokers or for use in coking or briquetting, 
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Fig. 22. Thin sections of the coal showing the nature of the granular opaque matter occurring 
in small black particles. 0 This picture also shows thin-walled microspores found in this coal. Tag- 
gert Seam coal, Roda, Ya. (x 1,000.) 


than the raw coal would be. From an- 
other point of view, a study of the coal 
produced under ordinary methods will usu- 
ally reveal unsuspected variations in the 
characteristics of the fuel entering into the 
various sizes. An understanding of such 
variations is undoubtedly important to 
any coal producer who desires to maintain 
a standard product and to understand the 
characteristics of his coal as produced. 

For a number of years at different places 
in Europe and America, more or less indi- 
vidual interest has been taken in the appli- 


cation of coal petrography to coal prepara- 
tion and utilization. Lomax 86 called atten- 
tion to the importance of a knowledge of 
the constitution of coal in controlling spon- 
taneous combustion. His investigations of 
the microscopic characteristics of coal were 
stimulated by this interest. 

During the third decade of the century, 
in the years shortly after the announce- 
ment of the Stopes 5 petrographic terminol- 
ogy, the significance of petrographic vari- 

86 Lomax, J., Trans. Inst. Mining Engrs. {Lon- 
don), 46, 592—635 (1913-4). 
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Fig. 23. “Thin cross section of coal from upper part of lower bench of the Freeport coal. This 
shows a transverse section of the predominant lycopod structure, probably the outer part of the 
bark of a Bothredendron [sic]. There is a first zone in which the cell structure is almost effaced; 
upon this follows a zone of peculiar well-preserved fibers. Inwardly the structure becomes poorer 
in preservation in a third zone of fibers.” (x200.) After Thiessen and Sprunk. 88 
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ability of coal with respect to preparation 
and utilization came to be recognized. In 
1923, Stopes and Wheeler 87 discussed the 
characteristics of the banded ingredients 
with respect to distillation, coking tests, 


hesion of particles. • • • Vitrain particles 
were well sintered on coking, but the con- 
solidation of the mass was not so pro- 
nounced as with clarain. ■ • • The coke 
assumes a distinct 'mushroom 5 shape. 55 



A B C D 


Fig. 24. A series of illustrations showing the structure of cycadophyte stem from the xylem to 
outer bark. (X115.) 

A. Xylem : wood fibers with bordered pits, resins, and medullary rays indistinctly discernible. 

B. A zone in which resinous tissue alternates with fibrous tissue. 

C. The resinous tissues alternate with fibrous tissues and have broadened. 

D. Outer bark : The resinous tissues have increased in thickness to such an extent that all is 
highly resinous. The cell walls have decomposed, and hardly anything by resin remains. After 
Tliiessen and Sprunk. 85 


etc. Referring to previous work by Les- 
sing, 88 they stated that “durain underwent 
no change in form during coking. 55 The 
particles retained their angular shape and 
showed little tendency to cohere. “Clar- 
ain showed considerable fusion and co- 
st Stopes, M. 0., and Wheeler, R. V., Fuel, 2, 
29-41, 83-92, 122-32 (1923). 

88 Lessing, R., Trans. Chem. Soc 117, 247-56 
(1920). 


A study of the coking characteristics of 
banded ingredients of the Campine coals, 
France, by de Boosere 89 resulted in one 
of the early contributions to the literature 
of this subject. De Boosere found it pos- 
sible to separate vitrain, durain, and fu- 
sain. Clarain, being a mixture of different 
components, was impossible to differen- 

89 De Booserg, O., Ann . mines Belg. y 27, 369- 
96 (1926) ; Fuel, 5, 522-7 (1926). 
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ABC 

Fig. 25. A. Thin cross-section of a band of anthraxylon (vitrain) showing a tangential section 
of eoalified coniferous wood, with medullary rays on the tangential surface and cross-sections of 
bordered pits in the radial walls. (x20G.) After Thiessen. 14 

B. Thin cross-section of a band of anthraxylon composed of the outer cortex of a ly copod. After 
Thiessen. 14 

G. “Thin horizontal section of Upper Freeport coal, lower bench. This is a typical illustration 
of the Cycadophyte structure seen over and over again in horizontal sections, . showing characteristic 
slotlike bordered pits. In many cases this structure is seen associated with characteristic rodlets 
or with parts of a stem having alternate zones of resinous parenchyma and woody fibers.” (x200.) 
After Thiessen and Sprunk. 80 
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tiate definitely. An illustration was given 
of the coke buttons made from whole coal 
and the three ingredients used, the char- 
acteristics of the buttons corresponding in 
all respects to those obtained by later in- 
vestigators; the illustration shows that the 
vitrain coke had expanded more than the 
cokes from the whole coal or the clarain, 
and that the durain or fusain did not 
swell at all. Yitrain yielded the greatest 
proportion of extractible materials. 

Vitrain yields more tar and more volatile 
matter in general, than the other fractions, 
has a much higher agglutinating value and 
a higher swelling index, probably related to 
its high content of extractible material. The 
coke from vitrain is always more swollen 
than that of the coal from which it has 
been separated. It appears that it is to 
this fraction that bituminous coal mainly 
owes its swelling and caking properties. By 
mixing vitrain with non-caking coal a nor- 
mal coke may be obtained. Durain, on the 
other hand, has a lower agglutinating value 
than the original coal, and does not swell 
appreciably. Although of low caking power, 
the durains examined coked well but the 
cokes obtained were dry and full of cracks. 
These faults disappear when the durain is 
coked in admixture with the corresponding 
vitrain. Fusain behaves as an inert material 
during coking . 90 

These statements have been substan- 
tiated repeatedly by other investigators, 
with applications to individual coals; they 
represent the general status of information 
in regard to the behavior of the banded 
ingredients, specific studies making appli- 
cation to particular coal. 64 > 91 

90 De Booserg, O., Fuel, 5, 524 (1926). 

91 Winter, H., Gliickauf, G3, 483-91 (1928). 
Hoffmann, E., Jahrb. preuss. geol. Landesanstalt , 
51, 253-308 (1930). Legraye, M., Rev. univer- 
selle mines , [8] 3, 38-40 (1930) ; Les constitu- 
ents des charbons, leur influence sur quelques 
proprUUs industrielles, Dunod, Paris, 1934, 152 
pp. Lehmann, K., and Stach, E., Gliickauf, 66, 
289-99 (1930). Lehmann, K., Proc. Third In 


The adaptability of the various banded 
ingredients to combustion in underfeed 
domestic stokers has been under investi- 
gation by McCabe, 92 who reported better 
results obtained from Illinois coals con- 
taining a small amount of vitrain than 
from those containing a relatively large 
amount. 

Because of the evidence produced, that’ 
control of the proportion of the banded 
ingredients of coal is important, consider- 
able attention has been given to a determi- 
nation of the effect of preparation proc- 
esses upon the type of the produced coal 
as determined by its petrographic compo- 
sition. Hoffmann has investigated the 
methods of separating and concentrating 
of banded ingredients as reported in 
1930. 93 Stach 94 and his associates per- 
fected a method of studying fine sizes of 
Ruhr coal for the purposes of petrographic 
analysis, using dust mounted in wax and 
polished. Such investigations greatly stim- 
ulated the interest in coal petrography in 
Europe, particularly on the continent, and 
resulted in several textbooks on the sub- 
ject beside StaelTs Lehrbuch . 1 > 95 

tern. Bituminous Coal Conf ., 2, 679-700 (1931). 
Strevens, J. L., Colliery Guardian , 142, 572-6, 
667-8 (1931) ; Gas J., 193, 583-5, 655-7 (1931). 
Lelimann, K., and Hoffmann, E., Brennstoff- 
Chem., 13, 181-7 (1932). Maier, L. M., and 
Zyckermann, L. E., KoTcs i Khim ., 3, 51-62 
(1933). Wang, C. C., Bull. Geol. Soc. China, 12, 
413-32 (1933). Boley, C. C., and McCabe, L. C., 
Trans. Illinois State Acad. Set, 29 (2), 153-5 
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92 McCabe, L. C., Mech. Eng., 60, 217-21 
(1938). 

93 Hoffmann, E., J ahrb. preuss. geol. Landes- 
anstalt, 51, 268 (1930). 

94 See pp. 227-56 of ref. 47. 

95 Potonig, R., Einfuhrung in die allgemeine 
Kohlenpetrographie, Gebriider Borntraeger, Ber- 
lin, 1924, 285 pp. Dolcb, M., Brennstofftech- 
nisches Praktikum, Knapp, Halle, 1931, 148 pp. 
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The petrographic analysis of screenings 
of a representative group of Illinois coals 
has been reported - by McCabe, 96 seams 2, 5, 
and 6 being represented in the investiga- 
tion, but most of the determinations being 
made on the Herrin (No. 6) Seam coal. An 
example is given showing that, for one coal 
in which the proportion of vitrain in the 
seam is about 20 percent, in the 1.25 by 0.75 
inch coal it is about 42 percent, and in 
the minus 48-mesh coal it is 79.3 percent. 

Sufficiently extended studies have been 
made by McCabe and associates to indi- 
cate that the proportion of vitrain gener- 
ally increases in the order, indicated in the 
natural fine sizes of Illinois coals, and that 
in sizes less than minus 48 mesh the fusain 
generally shows great increase, exceeding 
the vitrain in amount in minus 100-mesh 
sizes. 97 

Broche and Nedelmann 98 reported an 
investigation of the influence of the banded 
ingredients on briquetting of coals with a 
binder. Fusain was the ingredient which 
was considered particularly detrimental be- 
cause of its dust-producing property. Pier- 
sol 61 after investigating briquetting with- 
out a binder reported that 

Coal in which the ingredients occur in then- 
natural proportions is more favorable for the 
formation of briquets than any blend which 
greatly increases the percentage of either 
vitrain or fusain. Clarain makes as good 
briquets as the whole coal, probably because 
its constitution closely approximates that of 
the whole coal, and in clarain the ingredients 
are intimately blended. 

Such examples that have been given and 
references cited indicate the practical sig- 
nificance of coal petrography and utiliza- 
tion. The development of petrographic 

96 McCabe, L. C., Trans. Am. Inst. Mining Met. 
Engrs., 119 , 321-9 (1936). 

97 Personal communication. 

9S Broche, H., and Nedelmann, H., Gliickauf, 
70 , 979-90 (1934). 


technique depends very largely upon the 
expansion of selective, discriminating utili- 
zation of the banded coals. Possibly, when 
it is realized that the processes of coal 
preparation can be readily adjusted so that 
segregation and concentration of coals of 
special petrographic composition, and 
hence of special chemical constitution, are 
possible, the significance of such a possi- 
bility will be given more systematic atten- 
tion by chemists and engineers. 

COAL DESCRIPTION 

One important aspect of coal petrog- 
raphy is the promise it holds for an im- 
proved technique of description and classi- 
fication of coals. The kind, distribution, 
and quantity of petrographic components 
composing a coal are items essential to an 
understandable description of a coal. It 
is of primary importance that agreement 
be reached concerning the petrographic 
names and their meaning. 99 The wide- 
spread use of the terms vitrain, clarain, 
durain, and fusain in other parts of the 
world than North America makes their 
general use in America desirable, and all 
the more because the names are in accord- 
ance with petrographic terminology and 
have petrographic rather than genetic or 
paleobotanical significance. There is the 
further advantage that these names are 
primarily based upon megascopic rather 
than microscopic considerations and, hence, 
are readily applied without reference to 
microscopic criteria. 

Many coals have been described in petro- 
graphic terms. The most comprehensive 
application of this method is that of the 
Bureau of Mines in describing the coals 
investigated in cooperation with the Amer- 
ican Gas Association to determine gas-, 

99 Cady, G. H., Econ. Geol. , 34 (5), 475-94 
(1939). 
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coke-, and byproduct-making properties 
(see Chapter 22). 

The profile method of description of 
American coals in terms of petrographic 
constituents has been followed by Euro- 
pean technologists in more or less modified 
form generally employing the Stopes ter- 
minology or the Second Heerlen Confer- 
ence modification of that terminology. 34 
Kuhlwein 25 used the method in describing 
a large number of Ruhr coals, also provid- 
ing analyses of the seams and benches of 
coal in terms of the banded ingredients. 
The graphic representation of petrographic 
characteristics when used to delineate the 
petrographic variations by bench through 
the seam often provides a basis for correla- 
tions because of similarity in the distribu- 
tion of petrographic characteristics within 
the seam over considerable areas. This was 
illustrated by Koopmans, 65 who by refer- 
ence to seven profiles of one seam and five 
of another showed the usefulness of the 
profile method in demonstrating the per- 
sistent physical variations in the coal seams. 

Roos 100 (1935) presented a series of 
twenty profile sections of a single coal seam 
in the Limburg field of the Netherlands. 
The general persistence of similar petro- 
graphic characteristics of the coal was 
claimed on the basis of the similarity of 
the profiles. 

In the numerous reports of the British 
Department of Scientific and Industrial 
Research 66 concerned with the physical 

ioo See pp. 1057-161, especially p. 1133, of 
ref. 17. 


and chemical survey of the national coal 
resources of the different coal fields, many 
profiles of coal seams have been presented 
based upon the microscopic examination of 
coal columns. In these profiles, bright 
(vitrain and clarain), dull (durain), inter- 
banded bright and dull, fusain and inferior 
coal have been recognized and also inter- 
bedded mineral matter. 

A detailed profile of the Otto coal seam 
of Upper Silesia was prepared by Drath. 101 
The profile showed graphically the propor- 
tionate amounts of fusinite, semifusinite, 
telinite, collinite, exinite, resinite, miero- 
nite (opaque matter), and pyrite present 
in each 20 millimeters of the coal bed as 
determined by microscopic examination of 
polished blocks taken from a column of 
the coal seam. Profile studies were also 
made of the Sattelfloz-Niederbank coal of 
the Polish coal basin. 102 

Although profiles based upon microscopic 
determinations are undoubtedly important 
for an understanding of the nature and 
distribution of variations in a coal seam, 
they are expensive because of the time 
consumed in making thin sections or pol- 
ished surfaces and in the microscopic ex- 
amination. Profiles based upon mega- 
scopic determinations are probably all that 
can be hoped for generally, but such pro- 
files should at least be expected as the 
minimum requirement of technical de- 
scription of a coal seam.' 

101 See pp. 685-770 of ref. 62. 

102 Doktorowicz-Hrebnicki, St., . Surv. Geol. 
Pologne, Bull. 8, 209-94 (1937). 
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Gross and Net Calorific Values 

As the calorific value test is a direct 
measure of the energy value of a coal it is 
the most significant of all the laboratory 
tests made in coal analysis for determining 
the value of coal as a fuel. Calorific values 
as determined and reported are gross calo- 
rific values. A correction is sometimes 
made for differences between the laboratory 
conditions and those occurring in burning 
coal as fuel, and such corrected values are 
designated as net calorific values. 

Definitions of gross calorific value and of 
net calorific value as adopted in tentative 
form by the American Society for Testing 
Materials 1 are as follows: 

Gross Calorific Value, H $ . In the case of 
solid fuels and liquid fuels of low volatility, 
the heat produced by combustion of unit 
quantity, at constant volume, in an oxygen 
bomb calorimeter under specified conditions. 

Note. The conditions are initial oxygen 
pressure of 20 to 40 atmospheres, final tem- 
perature of 68 to 95° F (20 to 35° C), products 
in form of ash, liquid water, and gaseous 
CO 2 , S0 2 , and nitrogen. This definition is 
not applied to gaseous or highly volatile 
liquid fuels. 

* Published by permission of tbe Director, 
Bureau of Mines, Department of the Interior. 

1 ASTM Standards, Pt. Ill, 1939, p. 585. 


Net Calorific Value, H { . In the case of 
solid fuels and. liquid fuels of low volatility, 
a lower value calculated from the gross cal- 
orific value as the heat produced by com- 
bustion of unit quantity, at constant atmos- 
pheric pressure, under conditions such that 
all water in the products remains in the form 
of vapor. 

Note. The net calorific value is calcu- 
lated from the gross calorific value by mak- 
ing a deduction of 1,020 Btu per pound (567 
calories per gram) of water derived from 
unit quantity of fuel, including both the 
water originally present as moisture and 
that formed by combustion. The deduction 
is not equal to the latent heat of vaporiza- 
tion of water (1,050 Btu per pound at 75° F 
(24° C) because the calculation is made to 
reduce from gross value at constant volume 
to net value at constant pressure, for which 
the correct factor is 1,020 Btu per pound. 

The symbols H s and JT* are used in 
these definitions in an attempt to get agree- 
ment with standardizing bodies of other 
countries in the designation of the two 
values. The H designates heat, and the 
subscripts s and i are from the French 
words superieur meaning higher and in- 
ferieur meaning lower. 

In the metric system, the unit of fuel is 
1 gram and the heat unit is the calorie, 
which is the quantity of heat necessary 
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to raise the temperature of 1 gram of water 
1° C at 15° C. This is the 15° calorie 
commonly used in this country for thermo- 
chemical work. To be exact, the tempera- 
ture of the water is specified because of a 
slight difference in specific heat of water 
at various temperatures. 

In the English system the unit quantity 
of fuel is 1 pound and the standard heat 
unit is the British thermal unit, or Btu, 
which is the quantity of heat required to 
raise the temperature of 1 pound of water 
1° F. Calorific values expressed in calo- 
ries per gram may be converted into Btu 
per pound by multiplying by 1.8, the ratio 
between the Centigrade and Fahrenheit de- 
gree. 

In the calorific-value determination as 
made in the laboratory the products of 
combustion are cooled to the temperature 
of the calorimeter, which is 68 to 95° F, 
the water vapor fprmed during combustion 
being condensed to liquid water. This is 
the gross calorific value; it is used in re- 
porting coal analyses and in comparing 
different coals. Unless otherwise desig- 
nated, it is the value referred to through- 
out this chapter. 

In the burning of coal as fuel, conditions 
exist other than those that prevail in the 
laboratory determination of calorific value, 
because the water vapor formed during 
combustion in a furnace is not condensed 
to liquid water but remains in the form of 
vapor. Also, the fuel is burned not under 
conditions of constant volume but under 
conditions of constant atmospheric pres- 
sure. According to the definition, net calo- 
rific value may be calculated from the de- 
termined gross value, as follows: 

Net calorific value in Btu per lb (Hi) = 
Gross calorific value ( H s ) — 

1,020 X Percentage total hydrogen X 9 
100 


Since the calculation of net calorific value 
requires a hydrogen determination as well 
as a calorific- value . determination, coals 
usually are compared on the basis of gross 
calorific values even though the latent heat 
of the water vapor is lost in the burning of 
the fuel. Ordinarily in the purchase of 
coals on the basis of calorific values the 
competing coals have about the same hy- 
drogen content, and so the correction for 
the amount of heat lost in the water, vapor 
is virtually constant. 

In comparing bituminous coal, anthra- 
cite, petroleum, and coke, the net calorific 
values give a better comparison because of 
the considerable differences in hydrogen 
content. Because of the low hydrogen 
content of coke virtually all the heat of 
that fuel is available on burning, whereas 
as much as 6.4 percent of the gross heat of 
petroleum may remain in the uncondensed 
water vapor. Fieldner and Selvig 2 gave 
such comparisons for bituminous coal, an- 
thracite, petroleum, and coke as shown in 
Table I. They constructed graphs from 
some 2,000 analyses of various coals to 
study the application of the hydrogen-vola- 
tile matter ratio in calculating net heating 
value. The graphs show that the hydro- 
gen contents of high-volatile bituminous 
coal, low- and medium-volatile bituminous 
coal, and anthracite may be estimated from 
their volatile-matter contents within 0.6 
percent. For subbituminous coals and lig- 
nite they found that the differences be- 
tween estimated hydrogen content and ac- 
tual hydrogen content are within 0.8 per- 
cent, but if these coals are weathered the 
error may approach 1 percent. The con- 
clusion from this study is that, for most 
coals, the hydrogen can be estimated if the 
volatile matter is known, and that this es- 
timation is sufficiently close so that any 

2 Fieldner, A. O., and Selvig, W. A., 1 T. S. 
Bur. Mines , Tech. Paper 197 (1918), 11 pp. 
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error in the calculated net calorific value 
will not exceed 0.5 percent of the value 
calculated from the actual hydrogen con- 
tent as determined by analysis. 

TABLE I 

Hydrogen Contents and Calorific Values 
of Four Fuels 2 

Heat Lost 




Gross 

Net 

in Water 



Calorific 

Calorific 

Vapor at 

End of Fuel 

Hydrogen 

Value 

Value 

20° C 


percent 

Btu 

Btu 

percent 

Bituminous coal 

5.18 

13,560 

13,075 

3.6 

Anthracite 

2.50 

12,780 

12,545 

1.8 

Petroleum 

12.75 

18,540 

17,345 

6.4 

Coke 

0.30 

12,500 

12,470 

0.2 


A study by Evans 3 of some 750 analyses 
of representative British coals confirms this 
conclusion. The hydrogen content on the 
dry-coal basis was plotted against volatile 
matter, and a smooth curve was drawn 
through the average hydrogen values at 
1 percent volatile matter intervals. The 
resulting curve showed that 99 percent of 
the individual hydrogen determinations 
were within ±0.5 percent of the average 
value, which corresponds to a maximum 
error in the net calorific-value correction 
of 26 calories. 

Laboratory Methods for Determination 
of Calorific Value 

historical 

Several types of calorimeters and meth- 
ods for the determination of calorific value 
of coal were introduced during the latter 
part of the nineteenth century, and for 
each method some special advantage was 
claimed. Several of these methods which 
have been described by Parr 4 can be 
grouped as follows: 

3 Evans, T., Analyst, 65, 352-3 (1940) ; Fuel 3 
19, 181-2 (1940). 

4 Parr, S. W., The Analysis of Fuel , Gas, 
Water , and Lubricants , McGraw-Hill Book Com- 
pany, New York, 4th edL, 1932, p. 221. 


Measurement of Reducing Power of Coal. 
In this method, introduced in 1843 by Ber- 
thier, the reducing power of coal was meas- 
ured by heating 1 gram of coal with litharge 
and multiplying the weight of the lead but- 
ton obtained by a factor. The product rep- 
resents theoretically the reducing power of 
the carbon in terms of Btu. As tests have 
shown that the results may be considerably 
in error, the method has historical rather 
than practical interest. 

Combustion by a Solid Oxidizing Agent . 
In the Lewis Thompson calorimeter the 
coal sample was mixed with potassium ni- 
trate and potassium chlorate. This mix- 
ture was charged into a cartridge and ig- 
nited by a fuse, covered immediately by a 
copper bell, and immersed in water to 
measure the heat produced. According to 
Scheurer-Kestner 5 this apparatus normally 
gave results that were in error by about 
15 percent. 

The Parr sodium peroxide calorimeter, 
described later, and an English modification 
called the Roland Wild calorimeter 6 have 
been used extensively for technical work. 
Sodium peroxide is used in both these 
methods as the oxidizing agent. As it ab- 
sorbs the gaseous products of combustion, 
no provision is necessary for the toIaa-ra nf 
gas pressure. 

Combustion in a Stream of Oxygen at 
Constant Pressure. The best-known calo- 
rimeters of this type were those developed 
by Thomson, 7 Fischer, 8 Carpenter, 9 and 

5 Scheurer-Kestner, M., Bull. soc. ind. Mul - 
house, 54, 506-13 (1888) ; J. Soc. Chem. Ind., 
7, 868-9 (1888). 

6 Sinnatt, F. S., Goal and Allied Subjects, 
H. F. and G. Witherby, London, 1921, pp. 190-2. 

t Thomson, W., J. Soc. Chem. Ind., 5, 581-41 

(1886). j 

8 Fischer, F., Dinglers Polytech. J., 25S, 330 ;| 

J. Soc. Chem. Ind., 5, 159 (1886). { 

9 Carpenter, R. C., Trans. Am. Soc. Mech . I 
Engrs., 16, 1040-56 (1895). 
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Darling. 10 With these calorimeters a cur- 
rent of oxygen was conducted through a 
chamber where the fuel was burned at con- 
stant pressure. The chief disadvantage of 
this type is the likelihood of incomplete 
combustion, especially with high-ash coals. 

Combustion in a Bomb with Oxygen un- 
der Pressure at Constant Volume. The 
first calorimeter of this type was devised 
by Berthelot 11 in 1881. As the accuracy 
of the oxygen-bomb calorimeter for meas- 
uring the calorific value of coal became es- 
tablished, 12 improvements were made in the 
construction and operation of such calo- 
rimeters so that now this type is the most 
accurate of any that have been used in coal 
calorimetry. Among the successful modi- 
fications are those of Mahler, 13 Atwater, 11 
Emerson, 15 and Parr 16 

In 1903, Brame and Cowan 17 selected 
the Lewis Thompson, William Thomson, 
Fischer, and Mahler calorimeters as repre- 
sentative types for study. With the excep- 
tion of Parr’s sodium peroxide calorimeter 
this selection covered the various types 
mentioned. This invesiigation showed that 
the experimental error is large with the 
first three methods, but with the oxygen- 
bomb method the greatest difference be- 
tween any two results for the same coal 

io Darling, C. R., Engineering, 1902, 801 ; J. 
Soc . Chem. Ind., 21, 927-8 (1902). 

n Berthelot, M., and Vieille, Ann. chem. phys ., 
G, 546-56 (1885) ; J. Soc. Chem. Ind., 5, 159 
(1886). 

12 Scheurer-Kestner, M., Compt. rend., 112, 
233-6 (1891) ; J. Soc. Chem. Ind., 10, 659 
(1891). Scheurer-Kestner, M„ and Meunier-Doll- 
fus, Bull. soc. ind. Mulhouse, 57, 577-89 (1891) ; 
J. Soc. Chem. Ind., 11, 339 (1892). 

13 Mahler, P., Chem. Zentr., 63, 889 (1892) ; 
Bull. soc. encour. ind. nat ., 91, 317 (1892). 

14- Atwater, W. 0., and Snell, J. F., J. Am. 
Chem. Soc., 25, 659-99 (1903). 

is Emerson, C, J., Ind. Eng. Chem., 1, 17-8 
. (1909). 

i is Parr, S. W., 8th Internat. Congr. Applied 
Chem., 1, 389-93 (1912). 

it Brame, J. S. S., and Cowan, W. A., J . Soc. 
Chem. Ind., 22, 1230-33 (1903). 


was 26 calories. The average results by 
these methods on five coals, summarized in 
Table II, show large variations when com- 
pared with Mahler’s bomb method. A sim- 
ilar investigation was reported later by 
Gray and Robertson 18 confirming the con- 
clusion that the oxygen-bomb calorimeter 
has marked superiority over the other 
types. 

TABLE II 

Summary of Average Results for Calo- 
rific Value of Coal by Representative 
Types of Calorimeters. 17 — Calories per 
Gram 



Type of Calorimeter 


Potassium 

: Combustion in Stream 


Coal 

Chlorate and 
Nitrate 

of Oxygen 

Oxygen 

Bomb, 

Mahler 


Mixture, 

Lewis 

Thompson 

Wm. 

Thomson 

Fischer 

A 

8,418 . 

8,284 

8,139 

8,629 

B 

7,235 

7,178 

7,509 

7,713 

C 

8,331 

8,324 

8,243 

8,617 

D 

8,144 

8,233 

8,050 

8,395 

E 

8,178 

7,882 

7,627 

8,027 


OXYGEN-BOMB METHOD 

The oxygen-bomb method as standard- 
ized by the American Society for Testing 
Materials 19 is used by virtually all labora- 
tories in this country. Oxygen-bomb meth- 
ods are also accepted as standard in labora- 
tories of other countries. 20 

Precision in the determination of calorific 
value of coal by the oxygen-bomb method 
depends on (1) accurate thermometry to 
measure the heat retained by the calorime- 

18 Gray, T., and Robertson, J. G., J . Soc. 
Chem. Ind., 23, 704-7 (1904). 

19 A.8.T.M. Standards, Part III, 1939, pp. 
37-41. 

20 Fieldner, A. C., and Selvig, W. A., Fuel, 17, 
266-71 (1938). 
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ter water, and (2) accurate knowledge and 
control of the heat lost from the system. 
The various factors affecting calorimetry 
have been discussed in considerable detail 
by White 21 

A 1-gram sample of the coal is com- 
pletely burned in a bomb filled with oxygen 
under pressure of 20 to 30 atmospheres. 
The bomb is immersed in a weighed quan- 
tity of water, and the heat developed by 
the burning of the coal is determined by 
measuring accurately the rise in tempera- 
ture of the water surrounding the bomb. 
A cooling correction 22 is applied to this 
temperature rise to correct for the small 
amount of heat lost to the surroundings by 
the calorimeter water. Corrections are 
also made for the heat of formation of 
nitric acid and aqueous sulfuric acid 
formed by oxidation 23 of the nitrogen of 
the coal, the nitrogen of the air in the 
bomb, and the sulfur of the coal. These 
acids are formed when coal is burned in 
an atmosphere of oxygen under high pres- 
sure. During the ordinary combustion of 
coal for fuel use the sulfur in coal burns to 
sulfur dioxide, which has a lower heat of 
formation than aqueous sulfuric acid. The 
application of these corrections in coal 
calorimetry is described in detail in Tech- 
nical Payer 8 of the Bureau of Mines 24 

In a calorimeter installation described 
by Davis and Wallace 25 the factors that 

2 1 White, W. P., The Modern Calorimeter , 
Reinhold Publishing Corp., New York, 1928, 194 

pp. 

22 Dickinson, H. C., Bull. Natl . Bur. Standards, 
11, 189-257 (1915). Miiller-Neugliick, H. H., 
Angew. Chem ,, 49, 180-5 (1936). Quass, F. W., 
J. Chem. Met. Min. Soc. South Africa, 38, 413-35 
(1938). 

23 Regester, S. H., Ind. Eng. Chem., 6, 812-22 
(1914). 

24 Stanton, F. M. f Fieldner, A. 0., and Selvig, 
W. A., TJ. S. Bur. Mines, Tech. Paper 8, 30-2 
(ed. of 1938) (1939). 

25 Davis, J. D., and WaUace, E. L. f U. S. Bur . 
Mines , Tech. Paper 91 (1918), 48 pp. 


influence the cooling correction are con- 
trolled by surrounding the calorimeter with 
a complete water jacket maintained at con- 
stant temperature, and by providing the 
calorimeter with a constant-speed stirrer 
and a water seal to prevent evaporation. 
By this control a constant form of the 
temperature-rise curve is obtained and the 
cooling correction is obtained from a cali- 
bration curve. This simplifies considerably 
the calorimetric procedure by eliminating 
the calculation of cooling corrections for 
individual determinations. 

The adiabatic calorimeter in which no 
heat is lost to the surroundings has been 
applied to the determination of calorific 
value to avoid the cooling correction. By 
this method the calorimeter is surrounded 
by a jacket through which water is circu- 
lated under close temperature control to 
correspond with the rise in temperature of 
the calorimeter water. Several methods of 
heating have been used to secure exact 
control of the jacket water temperature. 
These methods are of the following types: 
(1) chemical action, 26 where an acid solu- 
tion is added from a buret to a basic solu- 
tion in the calorimeter jacket; (2) electri- 
cal heating; 27 and (3) addition of hot or 
cold water through manually controlled 
valves. 28 

The vacuum-jacketed calorimeter, 29 
based on the principle of the Dewar flask, 
has not proved to be satisfactory for the 
determination of the calorific value of coal. 
When treated as adiabatic with no correc- 

26 Rickards, T. W., Henderson, L. J., and Fre- 
vert, H. L., Proc. Am. Acad., 42, 573-93 (1907). 

27 Benedict, F. G., and Higgins, H. L., J. Am. 
Chem. Soc., 32, 461-7 (1910). Swietoslawski, 
W., and Pakovich, I., J. Russ. Phys. Chem. Soc., 
46, 1284-93 (1914) ; Chem. Ahs., 9, 2165 (1915). 

28 Gray, F. W., Trans. Chem. Soc., 105, 1010-4 
(1914). Swietoslawski, W., Rocz. Chem., 1, 
157-65 (1921) ; J . Soc. Chem. Ind., 41, 200A 
(1922). 

29 Natl. Bur. Standards, Circ . 11, 7, 3rd ed. 
1917. 
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tion for thermal leakage an accuracy of the 
order of 0.5 percent is possible. If greater 
accuracy is desired, as in determining the 
calorific value of coal, a cooling correction 
becomes necessary, and the method offers 
no advantage over a well-designed water- 
jacketed calorimeter. 

Because of the formation of nitric and 
sulfuric acids in oxygen-bomb calorimetry 
it is essential that the bombs have inner 
surfaces that are not attacked by these 
corrosive products of combustion. Plati- 
num, porcelain enamel, and gold have 
proved suitable materials for lining the 
inner surfaces of the bombs. A very prac- 
tical method that does away with troubles 
inherent in bomb linings is to make the 
entire bomb of an acid-resisting alloy such 
as that developed by Parr. 30 Such bombs 
have proved very satisfactory and are now 
used extensively. Nickel-lined bombs 31 
and Monel-metal bombs 32 also have been 
used, but correction for the heat evolved 
through solution of the nickel lining or 
Monel metal is required. The application 
of this correction is difficult for coals high 
in sulfur. 

In laboratories where a large number of 
determinations must be made every day, 
the use of electrical resistance thermom- 
eters and timing devices and the building 
of several calorimeter units into one in- 
stallation 25 > 33 have been successful. Time 
is saved by operating two or more bombs 
simultaneously, and duplicate determina- 
tions can be made with different bombs. 

30 Parr, S. W., J. Am. Chem. Soc ., 37, 2515-22 
(1915). 

31 Olin, H. L., and Wilkin, R. E., Chem. & Met. 
Eng., 26, 694-6 (1922). Stoppel, A. E., and 
Harding, E. P., Ind. Eng. Chem., 20, 1214-8 
(1928). 

32 Geniesse, J. C., and Soop, E. J., Ind. Eng. 
Chem., 17, 1197-9 (1925). 

33 Davis, J. D., and Cooper, H. M., Ind. Eng. 
Chem., 16, 579 (1924). Myers, C. A., Jr., Ibid., 
10, 1015-6 (1918). Vasser, H. S., ibid., 11, 
467-8 (1919). 


Occasionally a calorimeter may give er- 
roneous results through a leak, faulty elec- 
trical insulation, binding of the stirrer, or 
some other common but not readily de- 
tected cause, but the chance is remote that 
two calorimeters will be out of order at 
the same time. 

Calorimeters are best calibrated by 
means of standard samples of known calo- 
rific value as supplied by the National Bu- 
reau of Standards. 34 Such standard sam- 
ples available are benzoic acid, naphtha- 
lene, and sucrose. Of these, benzoic acid is 
probably most used. 

By adhering to the standard method of 
the American Society for Testing Ma- 
terials 19 and the use of standard samples 
for calibrating calorimeters, different labo- 
ratories should have no difficulty in ob- 
taining close agreement when testing the 
same coal sample. The permissible differ- 
ence for different laboratories in determi- 
nations made on duplicate samples of the 
same coal is 0.5 percent. The permissible 
difference between duplicate determinations 
made in the same laboratory is 0.3 percent. 
Usually, different laboratories have no dif- 
ficulty in checking within these prescribed 
tolerances. These tolerances apply only 
when tests are made on duplicate portions 
of the same laboratory sample, which ac- 
cording to the standard procedure is coal 
pulverized to pass a No. 60 sieve. 

SODIUM PEROXIDE BOMB 

A rather ingenious type of calorimeter, 
which uses chemicals to supply the oxygen 
for combustion of the coal, is the Parr 
sodium peroxide calorimeter. 35 The coal 
is mixed with sodium peroxide (Na 2 0 2 ) 

l. Bur. Standards, Supplement to Circu- 
lar C398 (1940), 11 pp. 

35 Parr, S. W., J. Am. Chem. Soc., 22, 646-52 
(1900), 29, 1606-22 (1907). Parr, S. W., and 
Wheeler, W. F., Ind. Eng. Chem., 1, 673-5 
(1909). 
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and some potassium perchlorate (KC10 4 ) 
which acts as an accelerator to obtain 
complete combustion. The charge is ig- 
nited electrically in a bomb much smaller 
than that required in the oxygen-bomb 
method. The method is often used for so- 
called technical work. Since- it does not 
have the fine accuracy of the oxygen-bomb 
method it is not accepted as a standard 
method in this country. Whatever popu- 
larity this method has- is due chiefly to 
the relatively low cost of the apparatus 
and its ease of operation. 

Calculation of Calorific Value from 
Analysis 

Various formulas have been devised and 
used for calculating calorific values from 
coal analyses. A number of these have 
been discussed critically by Jarrier 36 and 
by Veron. 37 Formulas based on the ulti- 
mate analysis are considered to be more 
reliable than those based on the proximate 
analysis. 

Ultimate Analysis. Dulong’s formula is 
probably the best known, and one form 
that has been used extensively is: Btu 

per pound = 14,544C + 62,028 (H - 1) + 
4,0505. 

In this formula, the oxygen of the coal 
is assumed to be associated with hydrogen 
in the proper ratio to form water, the 
excess hydrogen being available for com- 
bustion together with the carbon and sul- 
fur. . This excess hydrogen is sometimes 
designated as “available hydrogen.” 

Calorific values 38 as determined in the 
oxygen-bomb calorimeter are usually with- 
in 1.5 percent of values calculated by Du- 
long's formula, for anthracitic, semianthra- 

36 Jarrier, P., Chaleur et ind., 10, 107-12 
(1929) ; Fuel, 8, 486-91 (1929). 

37 Veron, M., Chaleur et ind 10, 433-8 (1929). 

38 Fieldner, A. C., and Selvig, W. A., U. 8. 
Bur. Mines , Tech. Paper 586, 29-34 (1938). 


citic, and bituminous coals. For subbitu- 
minous and lignitic coals the calculated 
values show deviations from the determined 
values often as great as 4 and 5 percent. 
Table III summarizes such errors for vari- 
ous ranks of coal. Twenty to thirty repre- 
sentative coals were used for each rank. 

TABLE III 


Comparison of Errors in Calculated Calo- 
rific Values for Various Ranks of Coal 



Mean 

Maxi- 

Maxi- 

Oxygen in 


Alge- 

mum 

mum 

Moisture-Free 


braic 

Plus 

Minus 

and Ash-Free 

Rank of Coal 

Error 

Error 

Error 

Coal 

percent 

percent 

percent 

percent 

Peat 

-7.4 


11.0 

34.4 

Lignite 

-3.1 


5.4 

23.4 

Subbituminous coal 
Bituminous coal, Rocky 

-1.4 

0.9 

3.7 

19.1 

Mountain field 
Bituminous coal, Illinois 

-0.2 

1.0 

1.6 

10.3 

field 

-0.1 

1.8 

1.4 

10.7 

Bituminous coal, Appa- 
lachian field 

Low-volatile and medium- 

+0.2 

1.3 

1.5 

7.1 

volatile bituminous coal 
from Pennsylvania and 
West Virginia 

+0.7 

1.6 

0.5 

3.1 

Anthracitic coal, Pennsyl- 





vania 

+0.6 

1.5 

0.3 

3.1 

The average oxygen content of each rank 


of coal is listed also. This table shows that 
the magnitude of the errors changes pro- 
gressively with the oxygen content of the 
coals, indicating that part of the oxygen 
of the high-oxygen coals is associated with 
the carbon and not entirely with the hydro- 
gen as assumed in Dulong’s formula. 

Other errors in calculated values may 
result from various causes. Oxygen in coal 
is not determined directly but is calculated 
by difference, and so it contains the sum- 
mation of errors of analysis. In the Du- 
long formula the heats of combustion used 
for carbon and hydrogen are those of the 
free elements which are not the same as 
those of these elements as constituents of 
chemical compounds. 
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Other formulas have been proposed for 
calculating calorific value from ulti m ate 
analyses. A number that have been intro- 
duced in recent years are summarized in 
Table IV. Most of them are modifications 
of the Dulong type of formula, the main 
difference being the assumptions concern- 
ing the chemical combination of the oxy- 
gen with the other elements in the coal. 

Mott and Spooner have developed a 
formula of this type that is based on the 
assumption that two-thirds of the oxygen 
is associated with the hydrogen and one- 
third with the carbon of the coal. 47 Their 
work shows that the calorific value of car- 
bon in bituminous coal does not vary and 
may be taken as 8,000 =fc 10 calories per 


gram, but that the heat of decomposition 
of coal should be allowed for in the for- 
mula, which is done by using 8,030 calories 
per gram as the calorific value of carbon 
in coal. The formula gives good agree- 
ment between determined and calculated 
values for various British and American 
coals ranging from anthracite to subbitu- 
minous coals that contain less than 15 per- 
cent oxygen. A modified formula was pro- 
posed for coals that contain more than 15 
percent oxygen. 

The Grumell and Davies formula, 44 illus- 
trating a different type, is based on the 
assumption that the amount of heat 
evolved by fuels on complete combustion 
is proportional to the amount of oxygen 


TABLE IV 


Formulas for Calculation of Calorific Value from Ultimate Analysis, Dry 

Ash-Free Basis 


Year 

Author Published 


Formula 


Strache-Lant 39 

1924 

Steuer 40 

1926 

Vondracek 41 

1927 

D’Huart 42 

1930 

Schuster 43 

1931 

Grumell and Davies 44 

1933 

Gumz 46 

1938 

Sumegi 46 

1939 

Mott and Spooner 47 

1940 


Cal. per g. - 81.37C -f 342.2# - 36.60 + 2 58 

= 81(C - HO) + 57(^0) + 345(# - MeO) + 258 
= (89.1 - 0.062C)C + 270 (# - Mo O + 258 
- 810 + 342.5# + 22.258 - 30.40 

= (254 + 0.355 0) | ^ + H-°~ S 

= (3.635# + 235.9) | ^ + # - ° ~ 5 
= 8X.3C + 297 # + 15# + 45.65 - 23.5 0 

0.125 J+255 

= 80.30 + 339# - 34.70 + 22.55 
= 80.3C + 339# - (36.6 - 0.172 0)0 + 22.5S 48 




0.75 


+ 345 


H- 


?) 


39 Strache, H,, and Lant, R. f Kohlenchemie , 
Akademische Verlagsgesellschaft, Leipzig, 1924, 
p. 476. 

40 Steuer, W., Brennstoff-Chem., 7, 344-7 

(1926). 

41 Vondracek, R., ibid ., 8, 22-3 (1927). 

42 D’Huart, K., Die Witrme , 53, 313-7 (1930) ; 
Chem. Abs., 24, 5966 (1930). 

43 Schuster, F., Gluekauf , 67, 232-5 (1931) ; 
Brennstoff-Chem., 15, 45-6 (1934). 

44 Grumell, E. S., and Davies, I. A., Fuel, 12, 


199-203 (1933) ; Colliery Guardian, 146, 1154-5 
(1933). 

45 Gumz, W., Feuerungstech , 26, 322-3 (1938) ; 
Chem. Abs., 33, 6556 (1939). 

46 Sumegi, L., Magyar Mernok Epiteszegylet 
Kozlonye , 73, 345-6 (1939) ; Chem,. Abs., 34, 
1459 (1940). 

47 Mott, R. A., and Spooner, C. E., Fuel, 19, 
226-31, 242-51 (1940). 

48 Modified formula for coals having over 15 
percent oxygen. 
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TABLE V 

Formulas for Calculation of Calorific Value from Proximate Analysis 
Year , 

Author Published Formula Remarks 


Goutal 49 

1902 

Cal. per g. = 82C + a V 

C — percent fixed carbon 

V = percent volatile matter 
a — function of V', or dry, 
ash-free V 

Chizhevskii and 
Verkhovtzev 50 

1927 

Cal. per g. = 82 C + aV 

Goutal formula applied to 
coals containing over 40 per- 
cent volatile matter 

Nakamura 61 

1929 

Cal. per g. - bF 

F - percent fixed carbon 
6-78 

V = percent volatile matter 
a = function of V 

Bowlby 52 

1929 

Btu per lb = XVM + 145.5FC + 40.5& 

X = a constant depending on 
colliery 

Schmit 53 

1925 

Cal. per g. - 8,100 + 2.95Y(40 - X) 

X = percent volatile matter 
of dry, ash-free coal 

Gumz 54 

1931 

Cal. perg. = 8,150 + 6,543V — 17,308V 2 V = fraction of volatile mat- 


(gross) ter of dry, ash-free 

- 8,150 + 4,489V - 13,864V 2 coal 

(net) 

Forrester 55 1932 Cal. per g. = 80.8C + kV k varies from 90.5 to 103.25 

for coals examined 

Chang and 1934 Cal. per g. = 81 FC + (A + BlogR)VM A and B are functions of R 

Hsieh 56 


Koo and Fan 57 

1935 

Cal. per g. = 82 FC -f aVM -f b 

6 is a function of 

FC 

Florentin 58 

1936 

Cal. per g. — 82C 4- a V 

Goutal formula applied to an- 




thracites and semicokes 


Scott, Jones and 1939 Btu per lb = 14,803 + 75.8V - 167.4A 
Cooper 59 


49 Goutal, M., Compt. rend 135, 477-9 

(1902); J. Soc . Chem . 2nd., 21, 1267 (1902). 

so Chizhevskii, N., and YerkhoYtzev, M., J. 
Russ. Met. Soc., No. 1, 1927, 93-101 ; Chem. 
Aba., 24, 943 (1930). 

51 Nakamura, K., J. Fuel Soc. Japan , 8, 1323-8 
(1929) ; Fuel , 9, 54 (1930). 

52 Bowlby, J. L., Trans. Gan. Inst. Mining 
Met., 32, 469-90 (1929). 

53 Sehmit, Chaleur et ind., 6, 524-5 (1925). 

' 54 Gumz, W.; Feuerungstech, 19, 1-3 (1981); 
rmem. Abs., 25, 1968 (1931). 


For anthracites 
V = percent volatile matter 
A = percent ash 

55 Forrester, C., Colliery Guardian, 145, 382-4 
(1932). 

56 Chang, K., and Hsieh, M., J. Chem. Eng. 
(China), 1, 127-35 (1934) ; Chem. Abs., 29, 2690 
(1935). 

57 Koo, 33. C., and Fan, C., 2nd. Research 
(China), 4, 377-83 (1935) ; Chem. Abs., 30, 2726 
(1936). 

58 Florentin, D., Ann. fals ., 29, 545-6 (1936) 
Chem. Abs., 31, 2776 (1937). 

59 Scott, G. S., Jones, G. W„ and Cooper, H. 
M., Ind. Eng. Chem., 31, 1025-^7 (1939). 
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or air consumed 1 and that this proportional 
relation is not constant but varies with 
the hydrogen content. The Schuster for- 
mula 43 is similar, the proportional relation 
being based on the oxygen content of the 
coal. 

Grumell and Davies applied their for- 
mula and those of Vondracek 41 and Dulong 
to a large number of representative British 
coals with conclusions as follows: 

(1) The Vondracek formula appears to ap- 
ply equally to all fuels if agreement to 
within 100 calories is accepted. A possible 
exception may be found with very low-car- 
bon fuels, below 80 percent carbon, but in 
view of the fact that fuels of this rank fre- 
quently contain large percentages of mois- 
ture and oxygen, it is possible that actual 
calorific values may be a shade low. 

(2) The Dulong formula gives excellent 
agreement up to 86 percent carbon. 

(3) As a method of checking the deter- 
mined calorific value, the Vondracek for- 
mula is superior to the Dulong formula, its 
universal applicability being its principal 
feature. 

(4) A modified formula has been devel- 
oped which is universally applicable and is 
more accurate than the Vondracek formula. 

Proximate Analysis. Various formulas 
for calculating calorific values from proxi- 
mate analyses have been proposed, a num- 
ber of which are listed in Table V. Such 
formulas, based on variation of calorific 
value with variation of volatile matter, are 
subject to the uncertainty of the volatile- 
matter determinations, and to the variable 
proportion of inert constituents, such as 
carbon dioxide and water, present in the 
volatile matter of the various ranks of coal. 
This inert material may range from 4 per- 
cent of the total volatile matter in low- 
volatile bituminous coal to as much as 42 
percent in subbituminous coal. 60 Also, the 
percentage composition of the various 

eo Porter, H. C., and Ovitz, F. K., U. 8. Bur. 
Mines, Bull. 1, 28 (1910). 


combustible constituents^ such as hydro- 
carbons, hydrogen, and carbon monoxide, 
vary for the different ranks of coal. 

Probably GoutaTs formula 49 has been 
used most widely for calculating calorific, 
values from proximate analysis, in which 

Calories = 82 C + aV 

where C = percent fixed carbon. 

V = percent volatile matter. 
a — a figure that varies with V\ the 
volatile-matter content on the 
“dry, asli-free n or “pure-coal” 
basis 

= 100 F 

* c + V 

Goutal gave the following relationships 
between Y and a: 

Y 5 10 15 20 25 30 35 38 40 

a 145 130 117 109 103 98 94 85 80 

Taylor and Patterson 61 tested this for- 
mula on eighteen typical British coals and 
concluded that the method gives a means 
of calculating the calorific value of coals 
not excessively high in oxygen content 
with a degree of accuracy that closely ap- 
proximates the results obtained by the 
bomb method. With the exception of a 
low-volatile coking coal and a high-vola- 
tile, high-oxygen gas coal, the calculated 
Btu values showed a maximum difference 
of 5.4 percent from those determined by 
the bomb-calorimeter method. The calcu- 
lated results for ten of these coals were 
within 1.6 percent of the determined values. 

Constancy of Calorific Value of Coal 
in Limited Areas 

The calorific value of the pure coal sub- 
stance, or the dry, mineral-matter-free 
coal, from a given mine and coal bed is 

61 Taylor, R. A. A,, and Patterson, W. S., J. 
Soc. Chem . Ind., 48, 105-8T (1929). 
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generally quite constant, and if this value is 
known the calorific value of any shipment 
of coal from the mine can be calculated 
satisfactorily, provided that the moisture, 
ash, and sulfur content are determined. 
The calorific value of the dry, mineral-mat- 
ter-free coal,- called unit Btu by Parr, 62 is 
usually calculated by the application of 
empirical- formulas applied to the coal 
analyses. Graphic 63 methods are used 
occasionally for special work. The con- 
stancy of the dry, mineral-matter-free 
calorific value of coals from the same 
source is used often by coal chemists as a 
check on the laboratory determinations. 
It has been used to calculate the heating 
value of various coals. 64 The large num- 
ber of analyses of mine samples available 
in publications of the Bureau of Mines and 
of various state geological surveys afford a 
ready means of determining the unit Btu 
values of many coals. 

A compilation of moisture- and ash-free 
calorific values of bituminous coals of 
Pennsylvania 65 shows that the deviation of 
the moisture- and ash-free calorific value 
of any individual sample from the average 
of a given mine is usually less than 1 per- 
cent when calculated as follows: 

Btu of moisture- and c ash-free coal 

Btu as determined 
100 — (Moisture + Ash) ^ 

Most of these coals contained less than 
12 percent ash and 2 percent sulfur. Calo- 
rific values of various shipments of such 
coals can be calculated within an accuracy 

62 Parr, S. W., and Wheeler, W. F., XJniv. Illi- 
nois Eng. Exp. Sta.> Bull. 37 (1909), 67 pp. 

63 Stansfield, E., and Sutherland, J. W., Trans. 
Am. Inst. Mining Met. Engrs 88, 614-26 (1930). 

64 Lategan, P. N., Fuel, 6, 447-8 (1927). 
King, K. X., and Hsia, W. S., Binyuan Fuel Lab. 
Geol. Burney China, Contrib. 19 (in English), 
October, 1936. 

65 Fieldner, A. C., Ind. Eng. Chem ., 5, 270-82 


of 1 percent by multiplying the average 
moisture- and ash-free calorific value by 
[100 - (Moisture + Ash)] — 100, where the 
moisture and ash are percentages of the 
individual samples representing the ship- 
ments. With coals having more than 2 
percent sulfur, a further correction should 
be applied. 

The ash obtained on analysis of a coal 
sample usually weighs less than the min- 
eral matter from which it is derived be- 
cause of loss during ashing of combined 
water of some of the ash-forming minerals, 
and the conversion of pyrite (FeS 2 ) to fer- 
ric oxide (Fe 2 0 3 ). A formula that takes 
these items into consideration and that is 
more accurate than the simple moisture- 
and ash-free formula is as follows: 

Btu of moisture- and mineral-matter-free coal 

Btu as determined 
( 100 — (Moisture + 1.1 1 ^ 

1 ash + 0.1 sulfur) I 

The sulfur correction of 0.1 is empirical 
and may be eliminated for coals having 
less than 2 percent sulfur. The apparent 
ratio of mineral matter to ash is assumed 
to be equal to 1.1. This formula has been 
used extensively in preference to the mois- 
ture- and ash-free formula; it is one of the 
two optional formulas recommended in the 
Standard Specifications for Classification of 
Coals by Rank of the American Society for 
Testing Materials. 66 If the Btu of the 
moisture- and mineral-matter-free coal 
from a given mine and bed is known, the 
Btu of various shipments of coal from this 
mine can be calculated quite accurately by 
this formula, after the moisture, ash, and 
sulfur content are determined. 

Another formula that gives still more ac- 
curate results and that has been found to 
be generally applicable to all coals within 

w A8TM Standards , Pt. Ill, 1939, pp. 1-6. 
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the limits of such empirical formulas is 
that developed by Parr, 67 as follows: 

Btu of moisture- and mineral-matter-free coal 

Btu as determined — 50 sulfur 
(100 - (Moisture + 1.081 X 100 
1 ash + 0.55 sulfur) j 

In this formula the mineral matter or 
noncoal substance is considered to be as 
follows: 

Noncoal = M + A + |8 + 0.08(A - \°-S) 

where M = moisture. 

A = ash. 

8 = sulfur. 

%8 restores the Fe 2 0 3 as weighed in the 
ash to FeS 2 , as weighed in the coal, 3 oxy- 
gens or 48 in the ash having been origi- 
nally 4 sulfurs or 128 in the coal. 

1 %5 represents the equivalent of Fe 2 0 3 
as weighed in the ash; that is, the Fe 2 0 3 
molecule, 160, is of the sulfur present 
in the coal. 

(A - 10 / 8 S) is the ash as weighed minus 
the Fe 2 0 3 , and 0.08 is a constant applied 
to the iron-free ash to restore the water 
of hydration to the earthy matter less iron 
pyrite, thus representing the true amount 
of shaly constituent as weighed in the orig- 
inal coal. 

Simplifying, the equation becomes 
Noncoal = 1.08A + f£8 

In use, Parr changed the fraction 2 % 0 
to 2% 0 S or 0.558 to simplify the calcu- 
lation and possibly promote accuracy by 
partly compensating for the sulfur, which 
may not be present in the pyritic form. 

The formula for mineral-matter-free coal 
is then: Mineral-matter-free coal = 100 — 
(Moisture + 1.08 ash + 0.55 sulfur). 

The factor 508 is an approximate correc- 

67 Parr, S. W., Univ. Illinois Eng. Exp. Sta 
Bull 180 (1928), 59 pp. 


tion applied to the Btu as determined to 
correct for the heat of combustion of the 
sulfur in the coal. 

In 1909, Parr 62 published his investiga- 
tions. on Illinois coals to devise suitable 
formulas for calculating calorific values of 
moisture-free and mineral-matter-free coal. 
Since that time other investigators 68 have 
conducted similar studies, and apparently 
Parr's original formula is as good as any 
simple formula that can be devised for 
general application to various coals. 

Calorific Value as a Basis for Coal 
Classification 

In 1928 Parr 67 published a scheme for 
classifying coals of the United States, in 
which unit Btu or the calorific values of 
dry, mineral-matter-free coal were used in 
conjunction with volatile matter to divide 
coals into various groups according to their 
degree of metamorphism. 

In 1927 the Sectional Committee on 
Classification of Coals was organized by 
the American Society for Testing Materials 
under the rules of the American Standards 
Association. To this committee was as- 
signed the development of a classification 
for coals of North America, ranging from 
lignite to anthracite, the classification to 
be based on such chemical and physical 
characteristics as would make the plan 
most readily adaptable to industrial and 
commercial use on a national scale. The 
Associate Committee on Coal Classification 

68 Fieldner, A. C., and Selvig, W. A., Trans. 
Am. Inst. Min. Met. Engrs ., 88, 597-611 (1930). 
Fish, F. EL, and Addlestone, J. A., Ind. Eng. 
Chem Anal. Ed 3, 155—8 (1931). Fieldner, A. 
C., Selvig, W. A., and Gibson, F. H., Trans. Am. 
Inst. Min. Met. Engrs. , 101, 224-35 (1932). 
Nieolls, J. H. H., and Swartzman, E., Canada 
Dept. Mines, Mines Branch, Investigations of 
Fuels and Fuel Testing, 1952, No. 737, 1934, pp. 
63-75. Hertzog, E. S., Fuel, 12, 112-7 (1933). 
Thiessen, G., Cady, G. H., Eees, O. W., and Reed, 
F. H., Illinois Geol. Survey , Rept. Investigations 
32 (1934), 99 pp. 
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and Analysis of the National Research 
Council of Canada cooperated actively with 
the Sectional Committee. 

After extensive studies of various sys- 
tems of coal classification and their appli- 
cation to coals of North America, the com- 
mittee in 1934 recommended a system for 
classification of coals by rank, 69 that is, 
according to their degree of metamorphism 
or progressive alteration in the natural 
series from lignite to anthracite. This 
classification was adopted in amended form 
as standard in 1937 and revised in 1938. 66 

Calorific values play an important role 
in this system of classification as the basic 
scheme of classification is according to 
fixed carbon and calorific value expressed 
in Btu on the mineral-matter-free basis. 
The higher-rank coals are classified accord- 

69 Proc. ASTM, 34, Pt. I, 834-40 (1934). 


ing to fixed carbon on the dry basis; the 
lower-rank coals, according to calorific 
values expressed in Btu on the moist basis, 
that is, with the coal containing its natural 
bed moisture but not including any visible 
water on the surface of the coal. 

Coals having calorific values less than 
14,000 Btu on the moist, mineral-matter- 
free basis are classified according to Btu 
provided that the fixed carbon on the dry, 
mineral-matter-free basis is less than 69 
percent. The application of this system of 
classification to coals of the United States 
and Canada has proved very useful, 70 * 71 
and the system is practical by reason of 
its simplicity. (See Chapter 2.) 

70 Fieldner, A. C., Selvig, W. A., and Frederic, 
W. H., 37. /S'. Bur . Mines, Rept. Investigations 
3296R (1939), 22 pp. 

71 Nat. Research Council Can. PuM. 814 
(1939), 26 pp. 
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Hardness 

Considerable information is available on 
the properties of coal that are related to 
its hardness, namely, its friability and 
grindability, but little is known of the 
hardness of coal as an intrinsic property. 
This circumstance is attributable to the 
limited commercial significance of the 
hardness of coal compared with the eco- 
nomic importance of the properties of fri- 
ability and grindability. 

The scratch hardness of a series of coals 
was determined by Heywood 1 by measur- 
ing the load on a pyramidal steel point re- 
quired to make a scratch 100 microns in 
width on the polished surface of a speci- 
men. Shales, calcite, and pyrite were 
tested for comparison, a diamond point 
being used for the last two materials (see 
Table I). 

The scratch hardness of anthracite is 
about 6 times that of the softest coal tested, 
whereas pyrite is nearly 20 times as hard. 
Relative results of the same magnitude 

♦Published by permission of the Director, 
Bureau of Mines, U. S. Department of the In- 
terior. 

1 Heywood, H., J. Inst. Euel 3 9, 94-105 
(1935) ; Colliery Guardian, 151, 898-900, 941-4 
(1935). 


TABLE I 

Results of Scratch Hardness Tests, 

ACCORDING TO HEYWOOD 1 

Scratch Hardness 
Relative to Barnsley 
Material Soft Coal 

Anthracite, Great Mountain 1.70 

Anthracite, Red Vein 1.75 

Welsh steam 0.29 

Barnsley hards 0 . 85 

Barnsley softs 1.00 

Illinois coal 1 . 10 

Cannel 0.92 

Carbonaceous shale 0 . 69 

Shale 0.32 

Pyrite 5.71 

Calcite 1.92 

were found for anthracite and cannel coal 
by O’Neill, 2 who made indentation hard- 
ness tests of a few British coals. A singu- 
lar feature of O’Neill’s work was the fact 
that durain, the reputedly hard component 
of coal, was found to be only slightly 
harder than vitrain and cannel coal. In 
contrast, Matthes 3 found the hardness of 
durain (Mattkohle) to be 68 percent com- 
pared with only 17 percent for vitrain 
(Glanzkohle), 7 percent for clay bands, 

2 O’Neill, H., J. Inst Fuel , 10, 351 (1937). 

3 Matthes, T., Gliickauf , 70, 757-64 (1934). 
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and 80 percent for pyrite bands. The 
hardness figures of Matthes represent the 
percentage of rebound obtained when the 
specimen is struck by a small ball-peen 
hammer swinging as a pendulum. His ap- 
paratus, called a duroscope, is portable and 
is suitable for testing coal in place in the 
mine. 

For comparison, Hey wood tested the 
series of materials used in his scratch hard- 
ness tests to determine their resistance to 
the abrasive action of emery cloth. These 
two methods of testing placed the more 
brittle materials in the same relative order 
of hardness, but carbonaceous shale and 
cannel coal, although comparatively soft, 
showed a high resistance to abrasion owing 
to their toughness. The resistance of coals 
to abrasion, characterized as specific 
strength, was studied also by Simek, Pul- 
krabek, and Coufalik, 4 who utilized the 
abrasive action of a blast of sharp-edged 
steel powder impinging on the surface of 
a specimen; however, comparative results 
for different coals or coal components were 
not given. 

Although the resistance of coals to abra- 
sion may have no commercial significance, 
its counterpart, the abrasiveness of coal, is 
a factor of considerable economic impor- 
tance. Hardgrove 5 has shown that the 
wear of grinding elements due to the 
abrasive action of coal results in mainte- 
nance charges that constitute one of the 
major items in the cost of grinding coal for 
use as pulverized fuel. Moreover, as coals 
vary widely in abrasiveness, this factor 
must be considered when coals are selected 
for pulverized-fuel plants. A standardized, 
simple laboratory method of evaluating the 
abrasiveness of coal would, like the stand- 

4 simek, B., Pulkrdbek, J., and Coufalik, F., 
Mitt. Kohlenforsch. Inst . Prag, 2, 173-93 (1935). 

5 Hardgrove, R. M. f Seventeenth Fuel Eng. 
Meeting, Fuel Eng. Liv., Appalachian Coals Inc., 
Proc. t 3, 311-28 (1937). 


ard grindability tests now available, assist 
in the selection of coals suitable for use in 
pulverized form. Work directed toward 
this end is being conducted by the U. S. 
Bureau of Mines, but results are not yet 
available. 

Actually, the abrasiveness of coal may be 
determined more by the nature of its asso- 
ciated impurities than by the nature of the 
coal substance. Heywood’s work showed 
pyrite to be 20 times harder than coal, and 
the individual grains of sandstone, another 
common impurity in coal, also are hard 
and abrasive. 

Strength 

Interest in the compressive strength of 
coal arises largely from its relationship to 
the strength of coal pillars used for roof 
support in mining operations. As early as 
1900 the Engineers’ Club of Scranton, Pa., 
sponsored tests of the crushing strength of 
anthracite from the northern anthracite 
field of Pennsylvania. 6 The 423 samples 
tested were in the form of prisms having 
bases 2 inches square, cut parallel to the 
bedding planes of the coal, and having 
heights of 1, 2, and 4 inches. Compression 
was applied perpendicular to the bedding 
planes. The crushing strengths of the 
prisms 1 inch high ranged from 3,200 to 
10,892 pounds per square inch and aver- 
aged about 6,000 pounds per square inch. 
Testing prisms of three heights demon- 
strated that the compressive strength of 
coal is inversely proportional to the square 
root of the height of the specimen tested. 

In a subsequent investigation Daniels 
and Moore 7 showed that the strength of a 
bituminous-coal specimen is influenced also 
by its lateral dimensions, the smaller speci- 

6 Griffith, W., and Conner, E. T., XJ. S. Bur. 
Mines , Bull. 25, 77-82 (1912). 

7 Daniels, J., and Moore, L. D., Eng. Mining 
J., 84, 263-8 (1907). 
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mens showing greater strength than the 
larger. This relationship between com- 
pressive strength and size of test specimen 
is shown clearly by the results obtained 
by Rice and Enzian 8 given in Table II. 

TABLE II 

Maximum Compressive Strength of Coal 
Blocks from Pittsburgh Seam, according 
to Rice and Enzian 8 


Number of 
Specimens 
Tested 

Range in Size 

Average Maximum 
Load, pounds 
per square inch 

6 

2.5- to- 4-inch cubes 

2,486 

3 

7- to 8-inch cubes 

2,170 

3 

10- to 12-inch cubes 

2,008 

1 

12 by 12 by 18 inches high 

1,152 

1 

Roughly 30-inch cube 

817 

1 

Roughly 54-inch cube 

306 


The lesser strength of the larger blocks 
of coal is attributed to the presence of 
fracture planes or cleats which weaken the 
specimen. The smaller test pieces, being 
free of fractures, reveal the strength of the 
coal substance. A factor that probably 
contributes to the lower strength of large 
blocks of coal tested in the laboratory is 
the difficulty of mining large blocks and 
transporting them from the mine to the 
laboratory without imposing strains that 
start disintegration along the cleats. To 
avoid this source of error Greenwald, 
Howarth, and Hartmann 9 devised a meth- 
od of testing pillars of coal in place in the 
mine. When tested in place, Pittsburgh- 
bed coal shows somewhat greater compres- 
sive strength than the largest cubes of 
Table II. 

Lawall and Holland 10 determined the 
compressive strength and secant modulus 

s Rice, G. S., and Enzian, C., U. 8. Bur. of 
Mines, Bull. 303 (1929), 44 pp. 

9 Greenwald, H. P., Howarth, H. C., and 
Hartmann, I., U. 8 . Bur. Mines, Tech. Paper 605 
(1940), 22 pp. 

io Lawall, C. E., and Holland, C. T., Trans. 
Am. Inst. Mining Met. Bngrs., 101, 100—13 
(1932). 


of elasticity of coals from 11 beds in West 
Virginia. Three-inch cubes were tested 
with the loads applied parallel as well as 
perpendicular to the bedding planes. With 
the stress applied perpendicular to bedding, 
the strength of the coals ranged from an 
average of 1,682 pounds per square inch 
for 9 samples from the Upper Freeport 
Seam to an average of 4,893 pounds per 
square inch for 10 samples from the No. 5 
Block Seam. The corresponding secant 
moduli of elasticity ranged from 373,000 to 
615,000. Stresses applied parallel to the 
bedding planes gave ultimate strengths 
ranging from 68 to 95 percent of those for 
perpendicular loads. Loads applied in 
either direction produced a permanent de- 
formation or set if the stress was relieved 
before the crushing strength was reached, 
but the permanent deformation was much 
greater for loads applied parallel to the 
bedding planes. 

Czechoslovak anthracites tested by Pul- 
krabek 11 also showed greater strength 
under compression applied perpendicular 
to the bedding planes; but, in contrast, 
lignites appeared to be about equally 
strong in both directions. In tests of Eng- 
lish coals, Heywood 1 found that badly fis- 
sured coals, even when tested as 1-inch 
cubes, may have greater strength parallel 
to the bedding planes than perpendicular 
to them. For example, Welsh steam coal 
was more than twice as strong in parallel 
compression. 

Bode 12 noted a relationship between the 
compressive strength of coals and their 
petrographic composition. Coals contain- 
ing more than 12 percent vitrain had 
strengths of 23 to 90 kilograms per square 
centimeter (330 to 1,280 pounds per 
square inch) and were characterized by 

11 Pulkrdbek, J., Mitt. KoJilenforsch. Inst. 
Prag, 3, 147-54 (1937). 

12 Bode, H., Gliiclcauf, 69, 296-7 (1933). 
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gradual failure of the test specimen. Coals 
containing less than 12 percent vitrain had 
strengths of 163 to 346 kilograms per 
square centimeter (2,320 to 4,920 pounds 
per square inch) and failed explosively. 

FRIABILITY 

One measure of the strength of coal is 
its ability to withstand degradation in size 
on handling. The tendency toward break- 
age on handling, friability, depends on 
toughness, elasticity, and fracture charac- 
teristics as well as on strength, but despite 
this fact the friability test is the measure 
of coal strength used most frequently. 
Friability is of interest primarily because 
friable coals yield smaller proportions of 
the coarse sizes which still command a pre- 
mium in price on the ordinary market, 
despite the increasing demand for the finer 
sizes. Another important economic aspect 
of friability is the increased amount of sur- 
face produced in handling friable coals. 
This surface allows more rapid oxidation; 
hence conditions are more favorable for 
spontaneous ignition, loss in coking quality 
in coking coals, and other changes that 
accompany oxidation. These economic as- 
pects of the friability of coal have pro- 
vided the incentive toward development of 
laboratory friability tests. 

The tumbler test for measuring coal fri- 
ability was developed by Nicolls 13 in 
1926, modified as to the method of ex- 
pressing results by Yancey, Johnson, and 
Selvig, 14 and later adopted in simplified 
form as a tentative standard method of 
the American Society for Testing Ma- 
terials. 15 This test employs a cylindrical 

13 NicoHs, J. H. H., Gan. Dept. Mines , Mines 
Branch , Invest. Fuels Testing , Bull. 644 (1926), 
20-35 pp. 

14 Yancey. H. F., Johnson, K. A., and Selvig, 
W. A., U. S. Bur . Mines , Tech. Paper 513 (1932), 
94 pp. 

is Am. Soc. Testing Materials , Standards , 1939, 
Pt. Ill, 576-9. 


porcelain jar mill, 7.25 by 7.25 inches in 
size and fitted with three lifters that assist 
in tumbling the coal. A 1,000-gram sam- 
ple of coal sized between 1.5- and 1.05-inch 
square-hole screens is tumbled in the mill 
(without grinding medium) for 1 hour at 
40 rpm. The coal is then removed and 
screened on square-hole sieves with open- 
ings of 1.05, 0.742, 0.525, 0.371, 0.0469, 
and 0.0117 inch. Friability is reported as 
the percentage of reduction in average 
particle size during the test; for example, 
if the average particle size of the tumbled 
coal was 75 percent of that of the original 
sample, the friability would be 25 percent. 

In 1929, Smith 16 described a drop shat- 
ter test for determining the friability of 
coal, which was similar to the standard 
method for the shatter test of coke 17 of 
the American Society for Testing Ma- 
terials; later, Smith’s method, with some 
modifications, was adopted as a tentative 
standard of the American Society for Test- 
ing Materials. 18 In the standard method 
a 50-pound sample of coal sized between 
3- and 2-inch round-hole screens is dropped 
twice from a drop-bottom box onto a steel 
plate 6 feet below the box. The material 
shattered by the two drops is then 
screened over round-hole screens with 3-, 
2-, 1.5-, 1-, 0.75-, and 0.5-inch openings 
and its average particle size calculated. 
The average size of the material, expressed 
as a percentage of the size of the original 
sample, is termed the “size stability,” and 
its complement, the percentage of reduc- 
tion in average particle size, is termed the 
“percentage friability.” Provision is made 
for testing sizes other than that stipulated 
for the standard test to permit comparison 
of different sizes of the same coal. 

16 Smith, C. M., Illinois Eng . Exp. Sta., Bull. 
196 (1929), 47 pp. 

17 Am. Soc. Testing Materials , Standards, 1939, 
Pt. Ill, 70-2. 

is Ibid., pp. 570-5. 
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Vogel and Quass 19 utilized the shatter 
test in a study of the friability of South 
African coals and found that the products 
of the shatter test conformed to the Rosin 
and Hammier equation of size distribu- 
tion. 20 They suggested, therefore, that the 
constants of the equation be used in place 
of calculated friability values to represent 
friability characteristics. A more recent 
similar investigation 21 has shown that, al- 
though the Rosin and Rammler law de- 
scribes accurately the size composition of 
the products obtained in shatter tests of 
the softer coals, it cannot be applied satis- 
factorily to coals that are highly resistant 
to breakage. 

Pulkrabek 22 developed a shatter test in 
which 20 pieces of coal greater than 20 
millimeters in size are dropped 150 times 
from a height of 1 meter. The shatter 
index is taken as the weight of material 
smaller than 10 millimeters in size after 
the test. 

A comparison of shatter and tumbler 
methods for measuring the friability of 
coal made by Yancey and Zane 23 showed 
that a coal which is susceptible to degrada- 
tion in size by shattering on impact is not 
necessarily as susceptible to breakage by 
abrasion or attrition. A coal may have 
these two properties in different degrees. 
The shatter test appears best suited to 
measurement of the breakage that occurs 
in handling the larger sizes of coal in thin 
layers, but it does not measure so well the 
breakage that occurs when coal is handled 

19 Vogel, J, C., and Quass, F. W., J. Chem. Met. 
Min. 8oc. 8. Africa , 37, 469-78, 553-6 (1937). 

20 Rosin, P., and Rammler, E., J. Inst. Fuel , 7, 
29-36 (1933). Bennett, J. G., ibid., 10, 22-39 
(1936). 

21 Geer, M. R., and Yancey, H. F., Trans. Am. 
Inst. Mining Met. Engrs 130, 250-69 (1938). 

22 Pulkrdbek, J., Mitt. Kohlenforsch. Inst. 
Prag, 3, 155-77 (1937). 

23 Yancey, H. F., and Zane, R. E., XJ. 8. Bur. 
Mines, Rept . Investigations 3215 (1933), 24 pp. 


in mass. The tumbler test, utilizing both 
shatter and attrition forces, is probably 
better suited to ordinary use. Gilmore and 
Nicolls 24 also have compared the two types 
of friability tests and have concluded that 
both are necessary to define completely 
the strength and breaking properties of 
coals. These investigators felt that the 
tumbler test is more suitable for estimating 
the behavior of coals under severe condi- 
tions of handling and that the shatter test 
is more suitable for estimating how coals 
will withstand more gentle treatment. 

The advent of laboratory friability tests 
has made possible a correlation between 
the friability of coal and its rank. A sum- 
mary of the results of 235 friability deter- 
minations on coals of various ranks from 
Washington and from one or more impor- 
tant seams in Pennsylvania, West Virginia, 
Maryland, Kentucky, Illinois, North Da- 
kota, Montana, and Wyoming, by Yancey, 
Johnson, and Selvig, 14 is given in Table 
III. 

TABLE III 


Average Friability Values of Different 
Ranks of Coal, according to Yancey, 
Johnson, and Selvig 14 


Rank of Coal 

Number of 
Tests 

Friability 

Anthracite 

36 

percent 

33 

Semibituminous 

27 

70 

Bituminous 

- 87 

43 

Subbituminous A 

40 

30 

Subbituminous B 

29 

20 

Lignite 

16 

12 


* Results obtained before the American So- 
ciety for Testing Materials tumbler procedure 
was developed; 3 hours of tumbling instead of 
present standard 1-hour period. 

2,4c Gilmore, R. E., and Nicolls, J. H. H., Proc. 
Am. 8oc. Testing Materials, 1937, Pt. II, 421-35. 
Gilmore, R. E., Nicolls, J. H. H., and Connell, 
G. P., Can. Dept. Mines, Mines Branch, Bull. 762 
(1935), 102 pp. 
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Lignites were found to be the least fri- 
able of all coals, and friability increased 
with an increase in coal rank to a maxi- 
mum for coals of the semibituminous (low- 
volatile) group. The friability of anthra- 
cites is comparable to that of subbitumi- 
nous coals; both are stronger than bitumi- 
nous coals and decidedly more resistant 
to breakage than the very friable semibi- 
tuminous coals. 

In their study of West Virginia coals, 
Lawall and Holland 10 found that friability 
could be correlated with fuel ratio and thus 
used to indicate the boundary between the 
high- and low-volatile coals of that state. 

Although a relationship does exist be- 
tween friability and rank it can be de- 
scribed in general terms only, as coals of 
the same rank vary widely in friability. 
Hertzog and Cudworth 25 have shown that 
the high-volatile A bituminous coals of 
Alabama range in friability from a low of 
17 percent to a high of 60 percent. A 
similar range in the friability of Canadian 
coals of the same rank was found by Gil- 
more and Nicolls. 26 

The relationship between the friability 
of coal and its rank has a bearing on its 
tendency to heat or fire spontaneously. 
As shown by Stopes and Wheeler, 27 and 
more recently by Schmidt and Elder, 28 the 
friable, low-volatile coals, because of their 
high rank, do not oxidize readily despite 
the excessive fines and attendant increased 
surface they produce on handling. Coals 
of somewhat lower rank, which oxidize 
more readily, usually are relatively non- 

25 Hertzog, E. S., and Cudwortb, J. R., U. 8. 
Bur. Mines , Rept. Investigations 3384 (1938), 

8 pp. 

26 Gilmore, It. E., and Nicolls, J. H. H., Can. 
Dept. Mines and Resources , Bur . Mines , Mem. 
Ser No. 70, 1939, 25 pp. 

27 Stopes, M. C., and Wheeler, R. V., Fuel , 2, 
36-7 (1923). 

28 Schmidt, L. D., and Elder, J. L., Ind. Eng. 
Chem ., 32, 249-56 (1940). 


friable, hence they resist degradation in 
size with its accompanying increase in the 
amount of surface exposed to oxidation. 
In oxidation and friability tests of eight 
commercially important coals Schmidt and 
Elder found that if the coals were ar- 
ranged in the order of decreasing friability 
the order was identical with that of in- 
creasing characteristic rate of oxidation. 
Thus the tendency of coals toward self- 
heating is counteracted to, some extent by 
the relative resistance to breakage of the 
more troublesome lower-rank coals. With 
coals of subbituminous rank, disintegration 
by slacking supplements that due to break- 
age on handling. 

The work of Hoffmann and Kiihlwein 29 
with Saar, Ruhr, Upper Silesia, and Eng- 
lish coals, as well as that of McCabe 30 
with Illinois coals, has demonstrated that 
the banded petrographic constituents of 
coal — vitrain, clarain, durain, and fusain — 
differ materially in strength and hence in 
friability and grindability. Fusain is 
structurally the weakest of the compo- 
nents; vitrain is brittle but stronger than 
fusain; and clarain is relatively strong and 
nonfriable. Durain, when present, is the 
strongest of the group. Kiihlwein and 
Abramski 31 have reported that the com- 
pressive strength of durain is 900 kilo- 
grams per square centimeter (12,800 
pounds per square inch) compared with 
only 50 kilograms per square centimeter 
(710 pounds per square inch) for vitrain. 
When coal is broken in mining and prepa- 
ration, this variation in strength and fri- 
ability results in some segregation of the 
various constituents in the various sizes of 

29 Hoffmann, H., and Kuhlwein, E. L., Oliiclc - 
auf, 71, 677-86, 710-3 (1935). Kublwein, F. L., 
Trans . Inst. Mining Engrs ., 81, 358-67 (1930-1). 

so McCabe, I*. C., Mining Congr. J., 23, No. 12, 
18-9 (1937) ; Mech. Eng., 60, 217-21 (1937). 

si Kiihlwein, F. L., and Abramski, C., Gltickauf, 
75, 865-74, 881-90 (1939). 
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prepared coal. Frequently clarain and 
durain are . concentrated in the coarser 
sizes, and vitrain and fusain predominate 
in the finer coal. Wormann 32 has pointed 
out, however, that if durain is present in 
the coal bed in only thin strata it may 
concentrate in the finer sizes of coal de- 
spite its greater strength and resistance to 
breakage. These investigators agree that, 
as the constituents differ in composition 
and chemical properties, their segregation 
according to relative friability imparts dif- 
ferent properties to the various commer- 
cial sizes of coal. The ash content, ash- 
fusing temperature, volatile-matter con- 
tent, and coking properties of the constit- 
uents differ; hence, if segregation is pro- 
nounced, these properties differ in the 
various sizes of the same coal and cause 
these sizes to behave differently in coking 
and in combustion. Blending coals and 
mixing different sizes of the same coal to 
obtain the desired petrographic composi- 
tion may become important elements of 
coal preparation. 

Grindability 

The grindability of coal, or the ease with 
which it may be ground fine enough for 
use as pulverized fuel, is a composite physi- 
cal property embracing other specific prop- 
erties such as hardness, strength, tenacity, 
and fracture. The laboratory grindability 
test is a valuable tool for estimating the 
capacity of new pulverizing equipment, for 
plant control, and for comparing the per- 
formance of pulverizers on different coals. 
Without some knowledge of how various 
coals behave in the grinding operation — 
that is, how their use affects pulverizer 
capacity and power requirements — coals 
cannot be chosen for pulverized-fuel plants 
that will always carry the required load if 

32 Wormann, A., Q-liicTcauf , 71, 677-86, 710-3 
(1935). 


pulverizer capacity is limited. Thus, the 
makers and users of pulverizing equipment, 
coal producers, and coal-marketing agen- 
cies have felt the need for information on 
the grindability of coal. Such wide inter- 
est naturally stimulated research, and a 
number of laboratories in the United 
States, Canada, England, and Germany 
undertook to study grindability. The 
work has been directed largely toward the 
development of methods for estimating 
grindability and, to a smaller extent, to- 
ward correlation of grindability with rank 
of coal and with pulverizer performance. 

METHODS OF ESTIMATING GRINDABILITY 

The fact that the energy necessary for 
grinding is related to the new surface pro- 
duced in the operation has long been rec- 
ognized. As early as 1867 Rittinger for- 
mulated his classical law of crushing which 
states that the energy necessary for re- 
duction in particle size is in direct propor- 
tion to the increase in surface. It is only 
natural, therefore, that most grindability 
tests have taken the form of equating the 
energy expended in grinding with the new 
surface produced. 

The voluminous literature available on 
the energy-surface relationship in grinding 
materials other than coal cannot be re- 
viewed here; however, the recent investi- 
gations of Gross and Zimmerley 33 and 
Dean 34 warrant brief mention, as they 
provide general conclusions applicable to 
the study of coal grindability. In both in- 
vestigations crushing was done in a fric- 
tionless, drop-weight machine with which 

33 Gross, J., and Zimmerley, S. R., Trans . Am. 

Inst. Mining Met. Engrs., 87, 7—48 (1930). 

Gross, J., Z7. 8 . Bur. Mines , Bull. 402 (1938), 
148 pp. 

34 Dean, R. S., Am. Inst. Mining Met . Engrs., 
Tech. Pub. 660 (1936), 5 pp. Gottschalk, V. H., 
TJ. 8. Bur. Mines , Kept. Investigations 326S, 83- 
90 (1935). 
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the energy expended in crushing could be quired for the production of new surface 


determined accurately. Gross and Zim- 
merley chose quartz for crushing, as the 
surface of the crushed product could be 
determined accurately from its rate of dis- 
solution in hydrofluoric acid. Dean chose 
magnetite for a similar reason; its sur- 
face could be determined from its coercive 
force. Rittinger’s law was found to be 
valid for both materials; that is, the new 
surface produced in each was directly pro- 
portional to the energy expended in crush- 
ing. 

Investigations of the grindability of coal 
have been hampered by the fact that its 
surface can be measured only with screens 
or with screens in combination with elutri- 
ation, sedimentation, or microscopic count- 
ing for the finer sizes. In coal approach- 
ing pulverized-fuel size, most of the. surface 
is present in the sizes below the lower limit 

I of screening, and screen analyses of such 
material provide only a crude estimate of 
the surface present. The processes of elu- 
triation, sedimentation, and microscopic 
counting are difficult and laborious to carry 
out and generally do not give sufficiently 
accurate results. 

The Lea-Nurse, 35 or air-permeability, 
method of estimating the surface of sub- 
sieve materials has been used in grindabil- 
ity tests of coal by Romer. 36 Although 
this method is easily applied and rapid, 
its accuracy with coal has not yet been 
demonstrated. 

Heywood 1 is one of the few investiga- 
tors who has evaluated in absolute rather 
than purely relative terms the energy re- 

35 Lea, F. M., and Nurse, R. W., J. 80 c. Chem. 
Ind., 58, 277-83 (1939). Carman, P. C., ibid., 
57, 225-34 (1938), 58, 1-7 (1939). Gooden, E. 
L., and Smith, C. M., Ind. Eng. Chem., Anal. Ed , 
12, 479-82 (1940). 

36 Romer, J. B., presented at the 44th annual 
meeting Am. Soe. Testing Materials, Chicago, in., 
June, 1941. 


in the grinding of coals. Heywood utilized 
simple grinding methods, such as compres- 
sion to failure in a testing machine and 
the impact of a falling weight, to permit 
accurate measurement of the net work 
done in crushing. As the coals were only 
coarsely crushed by these devices, the sur- 
face formed could be determined accurately 
by screening. His values for the foot- 
pounds of energy required to produce 1 
square foot of new surface in various coals 
are shown in Table IV. The energy re- 
quired for crushing various coals by com- 
pression was found to range from 0.S6 to 
10.80 foot-pounds per square foot of new 
surface produced. 

Other investigators 37 who have employed 
crushing devices designed to measure the 
net energy have reported widely divergent 
results. Carey and Bosanquet, for ex- 
ample, found that 0.13 horsepower-hour 
per ton was required to crush coal from 
V 2 inch to 200-mesh size by impact or 
compression crushing. In contrast, Coe, 
Delano, and Coghill reported values rang- 
ing from 6.6 to 9.5 horsepower-hours per 
ton for grinding three coals from % inch 
to 48-mesh top size. These investigators 
employed a specially designed, continuously 
operating pulverizer which simulates in- 
dustrial pulverizer operation in that a bal- 
anced circulating load of material is built 
up in the machine. 

Gunder 38 also has described an appara- 
tus suitable for measuring the actual work 
done in grinding. This machine, known as 
the Brabender hardness tester, consists of 
a “coffee-mill” type crusher, the rotating 

37 Carey, W. F., and Bosanquet, C. H., J. 80 c . 
Glass Tech., 17, 384-410 (1933). Carey, W. F., 
Trans. Inst. Chem. Engrs., 12, 179-83 (1934)! 
Coe, G. D., Delano, P. H., and Coghill, W. H., 
Trans. Am. Inst. Mining Met. Engrs., 149, 231- 
41 (1942). 

38 Gunder, W., GlucJcauf, 74, 641-6 (1938). 
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Resistance to Crushing, Measured in Terms of Foot-Pounds of Energy Required to 
Produce 1 Square Foot of New Surface, according to Heywood 1 


Compression Test, 

Attrition j Impact f Crushing- 



Test 

Average * 

Perpendic- 
ular only 

Test 

Rolls Test 

Anthracite, Great Mountain 

I 

I foot-pounds 
245 

foot-pounds 

10.80 

foot-pounds 

8.70 

foot-pounds 

8.7 

foot-pounds 

8.0 

Anthracite, Red Vein 

79 

1.36 



6.2 

Welsh steam 

34 

0.86 



1.7 

Barnsley hards 

51 

4.01 

6.42 


8.0 

Barnsley softs 

46 

3.68 

5.40 

6.0 

7.35 

Illinois coal 

40 

2.04 

3.62 


6.35 

Cannel 

116 

7.22 

11.62 

13.7 

9.7 

Carbonaceous shale 


11.60 

15.40 


18.5 

Shale 

103 

2.40 

3.25 

23.8 

15.0 

Pyrite 

81 






* Averaged by doubling the value for compression parallel to the bedding planes, adding the value 
of perpendicular compression, and dividing by 3. 
f Perpendicular to bedding only. 


grinding element of which is driven by an grinding and the surface of pulverized 
electrodynamometer. The torque of the materials have been difficult to evaluate, 
dynamometer housing provides a measure and only with such materials as quartz 
of the resistance offered by the sample to and magnetite, which have measurable 
the rotation of the grinding element. The properties directly related to surface, has 
torque is recorded automatically. No it been possible to determine the surface 
data are available on the energy required of subsieve material with acceptable ac- 
to produce unit new surface in this curacy. Moreover, grindability values ex- 
machine. pressed in absolute units of surface and 

Heywood’s data provide information energy cannot be applied directly to a 
that is useful in assessing the efficiency of coal pulverizer; they must first be con- 
commercial pulverizers and in showing verted into purely relative units, 
how the efficiency of grinding is related These considerations have led most in- 
both to the kind of force producing com- vestigators to develop test methods that 

minution and to the nature of the material are based upon the relationship between 
being crushed; however, methods that in- energy and surface but do not require di- 
volve actual measurement of energy and rect measurement of those quantities. In- 
surface have held, in the past, little promise stead, the energy expended in grinding is 
for ordinary use. Both the work done in taken as the number of revolutions of a 
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mill, and the new surface is approximated 
from the screen analysis of the ground 
product. Such methods yield relative 
grindability values. 

Most methods of estimating relative 
grindability utilize the ordinary laboratory 
porcelain jar mill. The Cross 39 and 
F.R.L. 40 methods, as well as the tests de- 
veloped by Schultes and Goecke 41 and 
Pulkrabek and Coufalik, 42 employ grinding 
in this type of mill. In the Cross method 
each coal is ground for 400 revolutions, and 
the amount of new surface is estimated 
from screen analyses of the feed and of the 
ground product. Coals are then rated in 
grindability by comparing the amount of 
new surface found in the test with that 
obtained for a standard coal. A similar 
procedure was followed by Pulkrabek and 
Coufalik. 

In the F.R.L. method, coal is ground for 
1,000 revolutions with a charge of silli- 
manite balls. The minus 100-mesh prod- 
uct is then screened out, and the oversize, 
with enough of the feed sample to replace 
the undersize, is reground for an additional 
cycle of 1,000 revolutions. This procedure 
is repeated for a third grinding cycle of 
the same length, and the weight of coal, in 
grams, passing the 100-mesh screen is con- 
sidered as the grindability index. Schultes 
and Goecke also used the amount of ma- 
terial passing an index sieve as a measure 
of grindability. As an alternative, 
Goecke 43 plotted the screen analysis of 
the ground product and attempted to 
evaluate grindability by the constants of 

39 Cross, B. J., unpublished report of Subcom- 
mittee 7, Committee D5, Am. Soc. Testing Ma- 
terials. 

40 Baltzer, C. E., and Hudson, H. P., Can. 
Dept. Mines , Mines Branch Report , 1933, 737. 

4 1 Schultes, W., and Goecke, E., Arch. Warme- 
wirt., 13, 253-7 (1932). 

42 Pulkr&bek, J., and Coufalik, F., Mitt. Kohlen- 
forsch. Inst. Prag, 3, 178-92 (1937). 

43 Goecke, E., GlucJcauf , 70, 435-8 (1934). 


the Rosin and Rammler equation 20 for 
size distribution. 

In place of a mill, the C.I.T. roll test 44 
employs a flat steel plate on which a 
small sample of closely sized coal is 
crushed by the action of a heavy steel 
cylinder rolled over it by hand. The new 
surface is estimated from the screen analy- 
sis of the ground product. 

The Hardgrove test 45 utilizes a special 
grindability mill of the ring-and-ball type, 
in which a 50-gram sample of closely sized 
coal is ground for 60 revolutions. Origi- 
nally the ground product was screened on 
a series of sieves to determine approxi- 
mately the amount of new surface pro- 
duced, and a grindability index was calcu- 
lated by expressing the new surface as a 
percentage of that found for a standard 
coal. In its present form the test has been 
modified to require sieving the ground coal 
on only the 200-mesh sieve. The grind- 
ability index is calculated from the amount 
of undersize produced, using a corrective 
formula to make the results correspond 
closely with those obtained with the older 
form of surface calculations. 

These methods are of the constant-work 
type: that is, a fixed amount of work is 
expended on each coal, and a grindability 
value is determined from the size compo- 
sition of the ground material. The ball- 
mill 46 method is based upon a different 
fundamental principle, namely, that of 
grinding all coals to the same fineness — 
about that actually required for pulverized 
fuel — and using the relative amounts of 
energy required for this reduction in size 
as a measure of grindability. In this 

44 Sloman, H. J., and Barnhart, A. C„ Trans. 
Am. Soc . Mech. Engrs,, 56, 773-9 (1934). 

45 Hardgrove, R. M., Trans. Am. Soc. Mech. 
Engrs ., Fuels Steam Power , 54, 37-46 (1932). 

46 Yancey, H. F., Furse, O. L., and Blackburn, 
R. A., Trans. Am. Inst. Mining Met. Engrs., 108, 
267-94 (1934). 
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method, 500 grams of coal are ground in 
an 8-inch steel ball mill rotated by a suit- 
able mill carrier. The relative amounts of 
energy necessary to grind coals to the 
same fineness are determined by the num- 
ber of revolutions of the mill required to 
reduce the sample to a fineness of 80 per- 
cent passing a 200-mesh sieve. Coal 
ground to 200-mesh size is removed in 
increments of 10 percent by stopping the 
mill and screening out the undersize at 
predetermined intervals. This procedure 
simulates commercial grinding practice, in 
which the finished product is removed con- 
tinuously by a current of air. The grind- 
ability index is obtained by dividing the 
number of revolutions into the factor 50,- 
000. By this procedure, the relative ease 
of grinding each coal is rated as a per- 
centage of a hypothetical standard coal 
requiring 500 revolutions. 

The results of a comparative study of 
grindability methods conducted under the 
auspices of the American Society for Test- 
ing Materials were described by Selvig. 47 
Five laboratories cooperated by making 
grindability tests of five coals covering a 
wide range in grindability, using the Cross, 
F.R.L., Hardgrove, and ball-mill methods. 
The ball-mill and Hardgrove tests were 
found to be superior in precision and upon 
this basis were selected as tentative stand- 
ards of the society. 48 A subsequent inves- 
tigation 49 showed that the C.I.T. roll test 
did not give results that were reproducible 
even in the same laboratory. 

The principal advantage of the Hard- 
grove method lies in the rapidity with 
which tests can be made; a major disad- 
vantage is that it requires an expensive 

47 Selvig, W. A., U. S. Bur. Mines , Rept . In- 
vestigations 3301 (1936), 16 pp. 

48 Am. Soc. Testing Materials, Standards, 1939, 
Pt. Ill, 562-5, 566-9. 

49 Yancey, H. F., and Geer, M. R., Trans . Am. 
Inst. Mining Met. Engrs 119, 353-69 (1936). 


grinding machine. In contrast, the ball- 
mill method utilizes only inexpensive ap- 
paratus, part of which is standard labora- 
tory equipment, but duplicate determina- 
tions require about 4 hours longer than du- 
plicate Hardgrove tests. The relative ad- 
vantages of time required and cost .of equip- 
ment are easily weighted, but the merits 
inherent in the basic principle of the two 
methods are more difficult to evaluate. It 
has been shown clearly 49 that in grinding 
only part of the coal the Hardgrove test 
is susceptible to selectivity: that is, only 
the softer components of the coal are 
crushed, leaving unground the harder par- 
ticles that would have to be treated in 
commercial grinding. This source of error 
is eliminated in the ball-mill method by 
grinding all the sample to finished size. 

Black 50 pointed out an apparent anom- 
aly in the results of both standard grind- 
ability tests. The impurities associated 
with coal, and therefore coals containing 
such impurities, are sometimes higher in 
grindability than the corresponding clean 
coal, yet pyrite, sandstone, and many 
shales generally are regarded as relatively 
hard and tough, therefore as compara- 
tively difficult to pulverize. Discussion of 
Black’s paper brought out the point that 
the higher specific gravity of the impuri- 
ties offsets the effect of their greater hard- 
ness; moreover, a commercial pulverizer 
actually has as great a capacity in tons 
per hour on hard, heavy material of given 
grindability as on softer, lighter material 
of the same grindability index. 

RELATION BETWEEN GRINDABILITY AND RANK 

A general relationship exists between the 
grindability of coal and its rank. Figure 1 
shows grindability indexes plotted against 
dry, mineral-matter-free fixed carbon for 

so Black, C. G., Trans. Am. Inst. Mining Met. 
Engrs., 119, 330-52 (1936). 
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the higher-rank coals and against moist, coals in Fig. 1 include samples from nearly 
mineral-matter-free British thermal units every coal-producing state, 
for the coals of lower rank. The grind- The coals that are easiest to grind are 
ability indexes, indicated by open circles, found in the medium- and low-volatile 

were obtained by the ball-mill method, and groups; they are decidedly easier to grind 
the filled circles represent Hardgrove tests than the coals of high-volatile bituminous, 
converted to their approximate ball-mill subbituminous, or anthracitic rank; how- 
equivalents. These data were drawn prin- ever, the relationship between grindability 
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Fig. 1. Relation between grindability and rank. 


cipaily from publications of the Bureau of 
Mines, 51 and of Brunjes, 53 supplemented 
by reports of Gilmore and Nicolls 26 and 
the Babcock and Wilcox Company. 53 The 

y, H. F., and Geer, M. R., U. 8. Bur 
Mines , Rept . Investigations 3409 (1938), 9 pp. 
Hertzog, E. S., and Cud-worth, T. R., ibid., 3382 
(1938), 8 pp. Hertzog, E. S., Cudworth, J. R., 
Selvig, W. A., and Ode, W. H., V. S . Bur. Mines, 
Tech. Paper 611 (1940), 58 pp. 

52 Brunjes, H. L., Trans. Am. Inst. Mining Met. 
Engrs., 119, 371-4 (1936). Brunjes, H. L., Com- 
bustion, 11, No. 11, 31-4 (1940). 

53 The Babcock and Wilcox Co Hew York, 
Bull. 3, 241 (1938). 


and rank is far too approximate to permit 
grindability to be estimated from the anal- 
ysis of a coal. Coals of similar analysis 
often differ greatly in grindability, as indi- 
cated by the spread of points in Fig. 1. 

The relationship between the petro- 
graphic composition of coal and its fri- 
ability has already been mentioned. A 
similar relationship exists between petro- 
graphic composition and grindability. Mc- 
Cabe 54 separated the vitrain, clarain, and 

54 McCabe, L. C., Trans. Am. Inst. Mining Met 
Engrs., 139, 382-3 (1940). 
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durain from a sample of Illinois coal and 
determined the grindability of each con- 
stituent. The ball-mill grindability index 
of the vitrain was 47 percent, that of the 
clarain 40 percent, and that of the durain 
only 16 percent. Fusain gave an index of 
121 percent; however, the suitability of 
the determination for such soft material- 


for some coals as much as 15 units higher. 
For other coals the grindability of both 
coarse and fine sizes was substantially the 
same, and for a few coals the grindability 
was higher for the material of larger size. 
This variation in grindability with size re- 
flects the segregation of petrographic con- 
stituents and impurities. 
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Fig. 2. Relation between pulverizer capacity and grindability for various sizes of ball mills, 
according to Frisch and Foster. 08 


has never been demonstrated. Thus, the 
various constituents of the same coal 
varied over a wider range of grindability 
than that exhibited by the entire group of 
coals shown in Fig. 1. Such differences in 
grindability allow the petrographic con- 
stituents to be separated in the percussion 
mill described by Lehmann and Hoff- 
man. 55 

Gilmore and Nicolls, 26 in tests of three 
sizes of 39 coals, found that for about half 
the coals the finer sizes were higher in 
grindability than the coarser material — 

55 Lehmann, K., and Hoffmann, 3., Brennstoff- 
Chem 13 , 21-9 ( 1932 ). 


RELATIONSHIP BETWEEN GRINDABILITY AND 
PULVERIZER PERFORMANCE 

The grindability test serves primarily as 
a means of estimating how various coals 
affect the capacity of commercial pulver- 
izers. It has long been known that the 
capacity of a pulverizer is related to the 
grinding properties of the coal pulverized, 
but only the relatively recent advent of 
laboratory grindability tests has made it 
possible to quantify this relationship. The 
fact that so little information is available 
to show the correlation between grindabil- 
ity and mill capacity is attributable to the 
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newness of the standardized grindability 
tests and to the many factors that must 
be considered in making such a correlation. 

Frisch and Holder 56 have shown that 
the capacity of a pulverizer, in addition to 
depending on grindability, is influenced by 
the size of coal in the feed, by its moisture 
content, by the degree to which the grind- 
ing elements are worn, and particularly by 
the fineness of grinding. These investiga- 



Hardgrove Grindability Index 


Fig. 3. Relation between pulverizer capacity 
and grindability for ring-and-ball-type pulver- 
izers, according to Hardgrove. 59 

tors found that when the various factors 
are taken into account, that is, when pul- 
verizer tests are reduced to a comparable 
basis, mill capacity is closely related to 
grindability. Rosin and Rammler 57 have 
made exhaustive studies of the performance 
of coal pulverizers and have reduced their 
results to the form of a complete mathe- 
matical analysis of the principal factors 
that affect pulverizer capacity. 

In a recent report Frisch and Foster 58 

56 Frisch, M., and Holder, G. 0., Combustion , 
5, No. 1, 29-34 (1933). 

57 Rosin, P., and Rammler, E., Berichtfolge des 
Kohlenstaubausschusses des ReiohJcohlenrateSj 
Nos. 3 (1926), 14 pp., 9 (1927), 35 pp., 12 
(1928), 15 pp. ; Arch . Warmewirt 7, 54-7, 81-5 
(1926), 8, 69-73, 109-15 (1927) ; Braunkohle , 
26, 261—8, 286-93 (1927). 

58 Frisch, M., and Foster, A. CL, Broc. Am. Soc. 
Testing Materials , 1937, Pt. II, 441-66. 


have presented data showing the correla- 
tion between laboratory grindability values 
and the capacities of Hardinge-type ball 
mills. Figure 2, prepared from their re- 
port, indicates the relationship between 
the capacity tests of four sizes of ball mills, 
properly adjusted to a comparable basis, 
and ball-mill grindability indexes. The 
curves in Fig. 2 indicate that although mill 
capacity and grindability are related they 
are not directly proportional; that is, a 
coal having a grindability index twice that 
of another cannot be ground with twice the 
capacity. Moreover, the relationship be- 
tween capacity and grindability differs for 
various sizes of the same type of pulverizer 
and doubtless for each type of pulverizer. 
Upon this basis, Frisch and Foster con- 
cluded that grindability tests can be used 
to predict the capacity of a pulverizer on 
coals of known grindability only when the 
capacity-grindability relationship for that 
particular pulverizer has been determined 
by correlative tests and when the other 
factors influencing capacity are considered. 

Hardgrove 59 has determined the rela- 
tionship between pulverizer capacity and 
grindability for ring-and-ball-type pulver- 
izers, and his results are shown graphically 
in Fig. 3. His curve relating capacity and 
grindability is similar in form to the curves 
shown in Fig. 2 for ball mills. Hardgrove 
blamed incomplete scavenging in mills 
treating softer coals for the fact that pul- 
verizer capacity is less on the softer coals 
than would be represented by a direct pro- 
portionality between grindability and ca- 
pacity. He thus concluded that in mills 
having more perfect scavenging the capac- 
ity would be more nearly proportional to 
grindability. 

59 Hardgrove, R. M., preprint for presentation 
at the spring meeting of the American Society of 
Mechanical Engineers, Chicago, June 27, 1933. 
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Schultes and Goecke 41 have advanced 
the opinion that the relationship between 
grindability and mill capacity is influenced 
to such an extent by the type of grinding 
action employed that it should be possible 
to eliminate the effect of grindability by 
choosing the best type of mill for each 
type of coal. This opinion may be ex- 


treme, but it serves to emphasize the neces- 
sity for careful correlation between grind- 
ability tests and mill performance. 

An excellent review of the literature on 
the grinding of coal has been prepared by 
Heywood . 60 

60 Heywood, H., Combustion Appliance Makers 
Association ( London )> Document No. 1657, 1938. 
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PLASTIC, AGGLUTINATING, AGGLOMERATING, AND SWELLING 
PROPERTIES OF COALS * 


R. E. Brewer 

Chemical Engineer, Central Experiment Station, Bureau of Mines, Pittsburgh , Pa. 


A critical review of the numerous test 
methods that have been devised for meas- 
uring the “plastic” and “swelling” proper- 
ties of bituminous coking coals and a 
practical evaluation of the test data have 
been long needed. In this survey of the 
various cla'sses of test methods the con- 
stant aim has been to describe the test 
principles employed and the usefulness of 
the data obtained in their relation to the 
complex problem of coking . bituminous 
coals, rather than to stimulate unduly a 
controversial criticism of the merits and 
limitations of any particular class or of in- 
dividual test methods devised by different 
workers. The whole problem has been 
quite difficult because of the almost total 
lack of accepted test standards and speci- 
fications. Detailed descriptions of appa- 
ratus and test procedures of published 
papers reviewed in this chapter are given 
in the U. S. Bureau of Mines Bulletin 1 
entitled “Plastic and Swelling Properties of 
Bituminous Coking Coals.” 

Definitions of Terms 

Probably in no other branch of industry 
has there been introduced such a wide 

* Published by permission of the Director, 
Bureau of Mines, United States Department of 
the Interior. 

l Brewer, R. E., U. S. Bur. Mines , Bull. 445 
(1942), 260 pp. 


variety of terms intended to describe or 
define the many phenomena observed under 
various laboratory test and plant condi- 
tions as has appeared in the field of coal 
technology. This situation has resulted 
not so much from lack of intelligent 
thought as from the difficulties in describ- 
ing adequately and interpreting correctly 
in simple and concise language the com- 
plex behavior of coal when heated. Accu- 
rate measurements of the physical and 
chemical properties of any heterogeneous 
material are difficult, but the problem be- 
comes far more laborious for coal, whose 
already complex composition is changed 
quite markedly during test conditions in- 
volving heating. The difficulty of control- 
ling variables and of determining or even 
predicting the changes that take place can 
seldom be met entirely. For these reasons, 
most of the terms used to define certain 
observations made during the testing of 
coals must, of necessity, incorporate fac- 
tors that describe essential test conditions 
pertinent to those observations. Many of 
the special terms used by investigators, 
whose work has been reviewed, will be de- 
fined when first introduced. Because of 
their frequent use, the meaning of the 
terms “plasticity,” “swelling,” “swelling 
pressure,” “agglutinating value,” and “ag- 
glomerating value” will be explained here. 
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Plasticity . Among workers in coal tech- 
nology, the widely used term “plasticity” 
of bituminous coking coals is perhaps bet- 
ter understood than it is capable of clear- 
cut definition. One of the best is the fol- 
lowing definition, which was given by Mott 
and Wheeler: 2 “The plasticity of coal is a 
complex phenomenon which appears to be 
induced primarily by the pressure of gases 
causing surface flow at the moment when, 
under the action of heat, the molecules at 
the surface have attained a degree of free- 
dom comparable with that obtaining in a 
liquid.” The plasticity of coal does not 
precede the evolution of “volatile matter,” 
although most of the volatile may be actu- 
ally evolved while the coal is plastic. 

Swelling and Swelling Pressure. The 
characterization of the process of increas- 
ing the volume of a coal charge by heating 
and of its aftershrinkage, if any, has been 
greatly confused through loose and inter- 
changed use of the terms “swelling” and 
“swelling pressure.” In some instances, 
only a linear change, usually in the vertical 
direction, of the original dimensions of the 
confined heated coal charge was intended; 
in others, the concept of an increase in 
pressure within the charge was denoted. 
Worthwhile distinctions made by Damm 3 « 4 
were that swelling (Blahen) signified a vol- 
ume change that takes place during heat- 
ing of many coals under such conditions 
that the softened coal can expand freely 
in a direction perpendicular to the heating 
surface, whereas force (Treiben) denoted 
the pressure that the softened coal mass 

2 Mott, K. A., and Wheeler, E. V., The Quality 
of Coke^ Chapman and Hall, London, 1939, pp. 
11 - 2 . 

s Damm, P., Arch. EisenhUttenw 2, 59-72 
(1928) ; GlucJcauf; 64, 1073-80, 1105-11 (1928) ; 
Fuel, 8, 163-77 (1929). 

4 Damm, P„, JBrennstoff-Chem 10, 65-7 

(1929). 


frequently exerts when it is obstructed 
from free expansion. The magnitude of 
the* degree of free swelling (Blahgrad) can 
be expressed numerically in convenient 
linear units, or in percentage of the original 
coal volume. Swelling pressure or expan- 
sion pressure (Treibdruck) is usually ex- 
pressed in some pressure unit per unit area, 
such as kilograms per square centimeter or 
pounds per square inch. Shimomura 5 has 
suggested the more literal translation of 
“Treibdruck,” namely, “driving pressure,” 
as more suitable and less confusing than 
the commonly used equivalent English 
term “swelling pressure” or “expansion 
pressure.” 

Agglutinating Value. The dictionary 
definition of the word “agglutinate” is “to 
unite or cause to adhere, as with glue or 
other viscous substance; to unite by ad- 
hesion.” The “other viscous substance” in 
the case of caking and coking coals is 
formed during the heating of the coal in 
the absence or near absence of air. Under 
procedures for determining the agglutinat- 
ing value of coals this viscous substance, 
heavy tar, is distributed around the sand 
grains (or other inert material) used. 
When the sand-coal mixture is cooled, the 
viscous substance solidifies and binds the 
sand and coal residue in a compact mass. 
The agglutinating value , then, is a measure 
of the binding qualities of a coal and is an 
indication of its caking or coking charac- 
teristics. 

Agglomerating Value. The terms “agglu- 
tinating” and “agglomerating” have been 
frequently used in a synonymous sense. 
More recently, “agglomerating value” has 
been properly restricted to describe the re- 
sults of coke-button tests in which no inert 
material is heated with the coal sample. 

5 Shimomura, A., J. Jnst. Fuel.; 13, 247-56 
(1940). 
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Rheological. Properties of Bituminous 
Coals 

The study of the flow of matter, which 
to avoid circumlocution is now called rheol- 
ogy, has attracted the attention of scien- 
tists for many centuries. However, in 
spite of many excellent studies from which 
have come much valuable knowledge and 
some fundamental theories on how the as- 
sociation between molecules affects the 
properties of materials, the difficulties in- 
herent in the subject are so complex that 
but little progress has yet been made in 
the formulation of entirely adequate defi- 
nitions. The best thought of able investi- 
gators in the fields of both pure and ap- 
plied rheology is embodied in the recently 
revised 'Tentative Definitions Relating to 
Rheological Properties of Matter.” 6 These 
definitions are stated as follows: 

Consistency. That property of a body by 
virtue of which it tends to resist deforma- 
tion. 

Plasticity. That property of a body by 
virtue of which it tends to retain its defor- 
mation after reduction of the deformation 
stress to its yield stress. 

Elasticity. That property of a body by 
virtue of which it tends to recover its origi- 
nal size and shape after deformation. 

Liquid. A substance which undergoes con- 
tinuous deformation when subjected to shear- 
ing stress. 

Simple Liquid. A liquid in which the rate 
of shear is proportional to the shearing stress. 
The constant rate of shearing stress to rate of 
shear of a simple liquid is the viscosity of 
the liquid. 

Complex Liquid. A liquid in which the 
rate of shear is not proportional to the 
shearing stress. . 

Solid. A substance which undergoes per- 
manent deformation only when subjected to 

e Am. Soc. Testing Materials, Preprint, Report 
of Committee E-I, 1940, p. 26 ; 1940 Supplement 
to Am. Soc. Testing Materials Standards, Pt. Ill, 
p. 557, 1940. 


shearing stress in excess of some finite value 
characteristic of the substance (yield stress). 

Plastic Solid. A substance which does not 
deform under a shearing stress until the 
stress attains the yield stress, when the solid 
deforms permanently. 

Elastic Solid. A substance in which, for 
all values of the shearing stress below the 
rupture stress (shear strength), the strain is 
fully determined by the stress regardless of 
whether the stress is increasing or decreasing. 

The rheological term plasticity, among 
others, has no definite dimensions and no 
exact definition. In the words of Blair , 7 
"Although plasticity cannot yet be defined 
in absolute units, yet like honesty, it is 
'although undefinable, associated with cer- 
tain properties. 5 55 The word implies a low 
viscosity, at least at higher stresses, com- 
bined with a yield value such that the 
shape can be retained under the stress of 
gravity. 

The situation with respect to definitions 
exists for nearly all kinds of natural and 
manufactured materials but is particularly 
true for the complex heterogeneous sub- 
stance, bituminous coal, whose behavior 
during coking has frequently even raised 
the moot question as to whether coal is 
a plastic material. However, there is 
abundant evidence that bituminous coal, 
when heated under appropriate conditions, 
may exhibit, at times, plastic, viscous, and 
elastic flow, and very often complex com- 
binations of two or all three of these types 
of flow. The commercial coking of bitumi- 
nous coals may be regarded as a conse- 
quence of their plastic flow as a whole , by 
which the interspaces are filled and the 
particles coalesce by surface-tension effects. 
It is evident from the law of plastic flow 
that there can be no flow without enough 
net pressure in, or on, the coal charge. 

7 Blair, G. W. Scott, An Introduction to In- 
dustrial Rheology, The Blakiston Co., Philadel- 
phia, 1939, p. 62. 
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EVIDENCE OE PLASTICITY IN COAL 

Historically, the first evidence of plastic- 
ity in bituminous coals undoubtedly was 
first observed directly in a coal-fire fuel 
bed. Proof that there is a surface flow of 
the heated coal during the formation of 
coke has been demonstrated by numerous 
investigators. Two such investigations 
will serve to illustrate the evidence of plas- 
ticity in both the particle and in a bri- 
quetted column of coal particles. 

Davies and Mott 8 found that a 1-inch 
cube of solid Parkgate Seam coal, when 
heated to a temperature of 360 or 380° C 
in an inert atmosphere, swelled without 
cracking. . Application of pressure to the 
cube heated to 360° C, when a 100 percent 
increase in volume had occurred, or to a 
similar cube heated to 380° C, when a 124 
percent increase in volume had taken 
place, caused the coal specimens to con- 
tract. The first cube ruptured under the 
high pressure, whereas the second cube 
under similar treatment contracted readily 
to a residual swelling of 38 percent, but 
without rupture. The second cube re- 
tained its regular shape and pore structure, 
but the pores had reorientated themselves 
parallel to the bedding plane of the coal. 

. Mott and Wheeler 9 made a number of 
pellets from Two Foot Nine Seam coal 
from South Wales by briquetting samples 
of 60-mesh size under a pressure of 3 tons 
per square inch. This coal contained 89 
percent carbon and 4.6 percent hydrogen. 
It showed softening at 404° C and swelling 
over the temperature range 444 to 464° C 
in the Sheffield Laboratory Coking Test. 
The polished top surface, produced by bri- 
quetting, was removed from the reference 
pellet A with Carborundum powder, and 

8 Davies, R. 6., and Mott, R. A., Fuel, 12, 
330—40 (1933). 

» See pp. 334-5 of ref. 2. See also Mott, R. 
A., Fuel , 12, 412-8 (1933). 


any resulting scratches with finer Carbo- 
rundum passing a No. 40 Whatman filter 
paper. This pellet, after polishing with 
rouge on a leather (500 strokes being 
given), was then photographed at 140 
magnification. The microphotograph of 
this reference ( unheated ) 'pellet A plainly 
revealed the outlines of the original parti- 
cles of coal. 

Similar pellets were prepared and heated 
to a series of temperatures, 435, 445, 460, 
and 470° C, at a rate of 1° C per minute, 
cooled, and treated in the manner de- 
scribed for the unheated reference pellet. 
In pellet B, heated to 435° C, the outlines 
of the original particles, although less clear 
than in pellet A, were still evident. In 
pellet C, heated to 445° C (swelling tem- 
perature, 444° C), the outlines of the origi- 
nal particles of coal were almost completely 
obliterated, and an almost continuous pol- 
ished surface was obtained. This pellet, 
after etching for 1 minute with concen- 
trated sulfuric and chromic acids to re- 
move the polished surface, showed that, 
below the surface which had been sub- 
jected to external pressure, no “fusing” to- 
gether of the particles had been induced 
by internal gas pressure, and the outlines 
of the individual particles were still evi- 
dent. In other words, the continuity of 
the surface of pellet C was due to surface 
flow induced by external pressure, and the 
surface became “liquidlike.” The mole- 
cules on the surface, being bound only on 
the side beneath the surface, had a degree 
of freedom associated with the liquid 
rather than the solid state. 

Pellet D y heated to 460° C, also showed 
surface flow, and a part of the surface ap- 
peared to be more liquidlike than in pellet 
C. After etching, the outlines of the indi- 
vidual coal particles below the original pol- 
ished surface in pellet D had been en- 
tirely lost, owing to internal changes. 
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Some of the surface flow could, therefore, 
be due to internal gas pressure. Pellet E, 
heated to 470° C, showed large pores at the 
surface; at higher temperatures the con- 
tinuity of the surface was even more 
broken. 

The limiting temperature at which coal 
could no longer be caused to flow readily 
by surface pressure, therefore, could not 
be determined. It may be concluded, how- 
ever, that surface flow produced by a light 
external pressure is more readily produced 
in coal which has been heated to a tem- 
perature within the plastic range, and 
therefore, that, with the high gas pressure 
available during this range, surface flow by 
gas pressure can be held to account for the 
phenomenon of plasticity during the ap- 
parent fusion of coal. 

EVALUATION OF COKING PROPERTIES OF 
BITUMINOUS COALS 

The different types of test methods that 
nave been used in evaluating the ability of 
various bituminous coals to produce com- 
mercial coke may be divided conveniently 
into two groups: (1) methods that involve 
individual separations of certain constitu- 
ents or portions of the coal or of its prod- 
ucts of carbonization, and (2) methods 
that give some insight into the coking be- 
havior of the coal as a whole. Allowing 
for some overlapping in the two groups, 
the first group includes proximate analyses, 
ultimate analyses, crucible coking tests, 
methods of distillation, extraction by sol- 
vents with heat and with or without 
pressure, measurements of the degree of 
swelling caused by certain liquids at room 
temperatures, float and sink analyses, and 
microscopic examination of the petro- 
graphic constituents. The second group 
includes determinations of the softening be- 
havior, the course of degasification, swell- 
ing power, expansion pressure, and aggluti- 


nating, agglomerating, and permanganate 
numbers. 

Each type of test has contributed some- 
thing to the general knowledge of the 
properties and composition of coal, but 
only a few of these tests furnish data from 
which a critical and active pursuit in the 
development of new fundamental knowl- 
edge can be advanced for the elucidation 
of the chemistry of coal. Present knowl- 
edge of the chemistry of coal is still more 
qualitative than quantitative, and combi- 
nations of data obtained from several of 
the above-listed methods of test are neces- 
sary to evaluate the coking properties of 
individual bituminous coals. This situa- 
tion is true because of the many variables 
that enter into the coking process and the 
difficulties of maintaining experimental con- 
ditions so that these variables act in the 
same or closely similar manner in a given 
test method. It will be noted that both 
groups of methods include tests for deter- 
mining, directly or indirectly, the plastic 
and swelling properties of bituminous cok- 
ing coals. 

CLASSIFICATION OF TEST METHODS 

Most of the publications describing de- 
terminations of plasticity and other closely 
related properties of bituminous coals in- 
clude at least one bibliographical reference 
to earlier work, and some contain reviews 
of certain of these earlier publications. 
Comparisons of the descriptions given in 
the reviews with those found in the original 
source publications, however, often show a 
more or less confused conception of the 
particular principle actually used in indi- 
vidual methods of test. This confusion is 
due, in part, to certain similarities in the 
apparatus and procedures in two given 
methods. Sometimes several different prin- 
ciples have been combined in individual 
methods. Therefore, a somewhat arbitrary 
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classification representing the more promi- 
nent of the overlapping principles had to 
be chosen. 

Certain practical measurements have 
been made by a number of empirical meth- 
ods, employing several distinctly different 
basic principles in their procedures. As an 
outgrowth of these conventional methods, 
numerous modifications have been intro- 
duced into the individual original methods 
with resulting real or fancied improve- 
ments in the apparatus and procedures. 
Data obtained in most of these conven- 
tional methods are of such a nature that 
the problem of interpretation in terms rep- 
resenting the concepts of the rheologist is 
extremely difficult. Absolute methods of 
test often yield more fundamental infor- 
mation than methods involving other vari- 
ables, and they should be encouraged. 
However, because of the great refinements 
in apparatus and experimental technique 
necessary in the absolute methods, and be- 
cause the data obtained, being limited to 
short ranges of temperature, are therefore 
necessarily less applicable to commercial 
coking problems, these methods have not 
been widely developed or adopted. 

The present classification of methods for 
measuring the plastic and swelling proper- 
ties of bituminous coking coals has been 
made according to the general principles 
of the methods concerned. For conveni- 
ence, the methods reviewed have been 
classified broadly into nine groups as fol- 
lows : 

I. Absolute methods of measuring plas- 
ticity of coal. 

II. “Direct observation” test methods. 

1. Macroscopic and microscopic tests. 

2. Absorption of cold pyridine. 

III. Agglutinating and free swelling (Bid- 
hen ) test methods, coal under no 
added load. 

1. Laboratory crucible and tube 
tests. 
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а . Agglutinating value tests on 
inert material plus coal. 

б. Coking or caking tests on coal 
alone. 

c. Agglomerating index of coal 
on coal alone. 

2. Large-scale box and muffle tests. 

IV. Dilatometer and penetrometer test 
methods, coal under no load or known 
added load. 

V. Gas flow or Foxwell test methods. 

VI. Torsional or resistance of mass to 
shear test methods. 

VII. Extrusion test methods. 

VIII. Swelling pressure or expansion pres- 
sure test methods. 

IX. “Plastometric investigations” on Rus- 
sian (U.S.S.R.) coals. 

Absolute Methods of Measuring 
Plasticity of Coal 

Absolute methods permitting precise and 
reproducible measurements of the magni- 
tude and distribution of shearing stresses 
in the coal specimen when heated at ele- 
vated temperatures have been devised by 
Seyler in England and by Griffin and 
Storch in the United States. 

Seyler 10 studied the physical behavior 
of coal when heated rapidly and uniformly 
to a definite temperature in an apparatus 
in which quantitative measurements were 
claimed. The contraction or expansion of 
a small upright cylinder of heated coal, 
contained in a tubular space of slightly 
larger diameter, was observed from the 
vertical movement of the coal before a 
stationary glass index of a graduated dila- 
tometer rod that rested on the top end of 
the cylinder. 

The cylinder consisted of solid coal or of 
coal particles of uniform size (or limit of 
variation), that had been compressed uni- 
formly to a definite apparent specific grav- 
ity. The cylinder was small enough to 

io Seyler, C. A., Proc. B. Wales Inst. Engrs 
47, 9-15 (1931) ; Colliery Guardian , 142, 401-4, 
488-90, 577-9 (1931). 
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insure uniform and rapid heating. After 
the dimensions of the cylinder had been 
determined accurately, it was set centrally 
on the flat bottom of a straight-walled, iron 
heating tube. The top end of the cylinder 
supported a dilatometer rod, whose head 
gave a small clearance with the wall of 
the heating tube. The rod could be 
loaded, by changing the weights on a coun- 
terpoise pan, to exert any desired vertical 
pressure. The annular space between the 
coal and the wall of the heating tube per- 
mitted a decrease in length (contraction) 
of the coal cylinder as it softened during 
the test. Thus arranged, only the top and 
bottom ends of the cylinder were in con- 
tact with apparatus parts at the start of 
the test. 

To carry out the test, the apparatus was 
prepared and the covered furnace tube 
containing the coal was heated rapidly to 
the desired temperature by means of a 
well-stirred, fusible metal bath. The tem- 
perature of the bath was measured by a 
thermometer. The vertical movements of 
the graduated dilatometer rod were read 
with reference to the stationary glass index. 
As the coal cylinder contracted in length 
its cross-sectional area increased, and, 
therefore, the pressure applied on its top 
area decreased. To obtain comparable 
rates of deformation per unit of length of 
the cylinder at any moment and constant 
pressure on the cylinder, cylinders of iden- 
tical original length were used. The per- 
centage, contraction of the cylinder was 
plotted against the time in minutes. The 
slope of the curve measured the velocity 
of deformation in percentage of the origi- 
nal length of the cylinder per minute of 
time. 

Rates of Deformation under Different 
Loads. Cylinders of Busty Seam vitrain 
coal were heated under increasing loads to 
a temperature well above the softening 


point of the coal (325° C), but below its 
intumescent, or swelling, point (not given). 
The percentage contractions of the original 
length of the cylinders when plotted as 
ordinates against time in minutes as ab- 
scissas gave a family of curves. These 
curves showed that the rate of contraction 
increased with the pressure applied, and 
this increase was of the same order as that 
of the pressure, at any rate in the earlier 
stages, say at 3 percent contraction. In 
contrast to the behavior of substances like 
pitch at temperatures below their decom- 
position points, the rate of deformation of 
the coal under a constant pressure de- 
creased as the contraction proceeded until 
it finally became zero and the flow ceased. 
Seyler believed that the cessation of flow 
was not due to the loss of the property of 
flow under pressure but to the develop- 
ment of a resistance that is probably of 
the nature of a back-pressure produced by 
gases of decomposition from the heated 
coal. The resistance to deformation, which 
increased with the total extent of the con- 
traction, acted in the opposite direction to 
the applied load and tended to produce ex- 
pansion. If the load was diminished, tem- 
porary expansion took place until the total 
contraction was reduced to correspond to 
the reduced load. Seyler cited as con- 
firmatory evidence the fact that, when 
ammonium carbonate is mixed with pitch 
and heated, the gases given off by decom- 
position of the ammonium carbonate at 
the softening temperature of the pitch 
cause the pitch to intumesce, or swell. 

If the temperature attained by the coal 
was high enough, the equilibrium obtained 
after a certain time with any given pres- 
sure was followed by intumescence or swell- 
ing, and the coal began to expand. This 
expansion was attributed to the fact that 
the gases formed by decomposition of the 
coal cannot escape fast enough. 
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Plastic Flow of Coking Coals. The fact 
that the rate of deformation increased with 
the pressure applied and that in the ab- 
sence of pressure there was no flow indi- 
cated that the phenomenon was one of 
plastic flow rather than of fusion. Cylin- 
ders cut from solid sections of petrograph- 
ically uniform coal behaved in the same 
way as those made by compression of coal 
particles, not only quantitatively but also 
according to the laws that govern the rate 
of deformation. Cylinders of coal in both 
conditions swelled at about the same tem- 
perature. Hence, the resistance to escape 
of gases from the coal must have been 
caused by the interstices between the col- 
loidal particles of the coal itself and not 
by the voids between the granules of which 
the compressed coal was composed. More- 
over, a good coking coal, when suitably 
heated, may be drawn out into fine 
threads just like a plastic substance. 

To compare different cylinders, the rates 
of flow under different pressures at a con- 
stant length of cylinder were determined. 
The data for the Busty Seam vitrain coal 
at a temperature of 361° C were replotted, 
using loads in grams as ordinates and rates 
of contraction as abscissas. The initial 
stages being neglected, the total contrac- 
tion agreed with the law of plastic flow. 
The family of graphs, representing different 
given lengths of the cylinder, up to a load 
of 50 grams, was a series of parallel 
straight lines that intercepted the ordinate 
axis at different points. Under these con- 
ditions the pressure was the intercept on 
the ordinate axis and a true yield value. 

The method outlined by Seyler for con- 
verting his data into cgs units is not clear. 
Furthermore, a number of the conclusions 
given in his two papers are inconsistent. 
These earlier views of Seyler have been 
modified somewhat and extended as a re- 


sult of later work, 11 details of which have 
not been published. In the latest of these, 11 
Seyler says, “I hope to publish at the first 
opportunity a detailed account of the work 
which has been done by myself and Mr. 
Harding Edwards with the aid of the Fuel 
Research Board.” A lucid account of the 
work of Seyler on the relationship of plas- 
ticity to certain other properties of bitu- 
minous coal conducted during the last ten 
years with complete literature references to 
the work of others upon which he bases 
his interpretations of the rheological prop- 
erties of bituminous coking coals would be 
a welcome contribution. 

The apparatus of Seyler, though correct 
in principle, did not preclude the possibil- 
ity of eccentric loading. An eccentric load, 
very small in absolute units because of the 
small size of the coal specimen, would cause 
large variations in the lateral distribution 
of the shearing stress. 

Griffin and Storch 12 made provision in 
their apparatus to center the load very 
accurately. All forces on the coal speci- 
men other than that of the net load to 
be applied were eliminated by means of 
an ingenious loading arrangement. 

Figure 1 is a diagram of the plastometer 
assembly drawn to scale, and Fig. 2 a de- 
tailed drawing with dimensions. For a 
complete description the reader should con- 
sult the original papery 

Cylindrical pellets were formed by com- 
pressing minus • 200-mesh coal in a mold 
kept at 300° C to a pressure of 7,050 kilo- 
grams per square centimeter. Their com- 
puted apparent densities ranged from 1.27 
to 1.29. Deformation of a pellet during 

11 Seyler, C. A., Dept. Sci. Ind. Research 
{Brit.), Fuel Research Board Repts 1933, 39- 
40, 1935, 41-2, 1936, 53-4, 1937, 39-40, 1938, 
65-7; J. Inst. Fuel, 11, 301-3 (1939). 

12 Griffin, H. K., and Storch, H. H., Ind. Eng. 
Chem., Anal . Ed., 9, 280-6 (1937). 
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heating was observed by means of a low- 
power microscope. 

Pellets of a blend of 80 percent of 
Pittsburgh Seam and 20 percent Sewell 
Seam were loaded as desired, and the same 


Mercury l evel 


Counterpoise 



N 2 N 2 


Furnace 


Platinum-rhod.Lrr. 
wire suspension 

Microscope^uzm 

^Coal 

Upper spider pellet i 






Dampening vanes 
in castor oil 
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load was maintained throughout the test. 
The heating schedule was about 7° C per 
minute up to 350° C, and about 1° C per 
minute thereafter. The curves of Fig. 3, 
showing deformations plotted against time, 
indicate three striking facts: (1) the tem- 
perature of initial contraction decreases 
with increasing load; (2) the maximum in- 
crease in length decreases with increasing 
load up to 600 grams per square centi- 


the pellet is reached, is about the same for 
all loads. The first fact is not the result 
of improved thermal contact of the ni- 
chrome caps on the ends of the pellet, 
because tests with Pyrex caps at corre- 
sponding pressures did not change the re- 
spective initial contraction temperatures. 
The decrease in maximum expansion with 
load might have been due to an increased 
rate of filling the voids by closer packing 
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of wetted grains of material. Beyond 
about 600 grams per square centimeter the 
frictional resistance accompanying such 
closer packing may be great enough to 
make further deformations almost inde- 
pendent of load. The third fact shows that 
continuous deformation proportional to 
load did not exist under the test conditions. 


rate curve indicated that the deformations 
were elastic rather than plastic. 

Both the blend of coals and the mixture 
of Alma Seam coal and electrode carbon 
under the test conditions showed very 
transient plastic properties, the life period 
being of the order of 1 minute at 460° C. 
Measurable deformations were character- 



Time, minutes 

Fig. 3. Heating experiments with coal 30, a blend of SO percent Pittsburgh Seam and 20 per- 
cent Sewell Seam coals. 12 


With rapid heating (within 3 to 4 min- 
utes) to temperatures of 410 to 475° C, 
plastic deformations of the coal alone were 
too fast to be measurable. Measurements 
of deformations proportional to the load 
at 410° C, therefore, were obtained on pel- 
lets made of coal 30 and Alma Seam coal 
each with 20 percent additions of 200- to 
220-mesh electrode carbon. Deformations 
per minute for stated time intervals within 
a total time of 40 minutes after the maxi- 
mum length of the pellet had been reached 
showed increased deformation with load 
and decreased deformation with time. An 
abrupt change in slope of the deformation- 


ized as those of an elastic solid whose elas- 
ticity was being rapidly destroyed by 
chemical decomposition. The Alma Seam 
coal w y as definitely more deformable at 
410° C than the blend of coals. This is in 
qualitative agreement with data obtained 
on these coals by the Davis plastometer 
test method. 

The solid plus oily bitumens obtained 
upon pressure extraction of the blend of 
coals with benzene were pelleted. Plastic- 
ity was determined at 120° C under pres- 
sures of 20 to 250 grams per square centi- 
meter. The decrease in length of pellet 
with time, w T hieh was observed almost im- 
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mediately and was continued throughout 
the time of application of the load, was 
linear, showing that the bitumens behaved 
as a truly plastic substance. 

Direct-Observation Test Methods 

The direct-observation test methods in- 
clude macroscopic and microscopic tests of 
the heated coal, and absorption or adsorp- 
tion of reagents by the coal with resulting 
swelling at ordinary temperatures. 

MACROSCOPIC AND MICROSCOPIC TEST 
METHODS 

Lessing 13 was probably the first to make 
direct laboratory observations of the melt- 
ing and reagglomeration of heated coal. 
Tests carried out in a clear quartz glass 
tube gave little promise that much infor- 
mation could be obtained directly in this 
manner. 

Mott 14 studied the effect of heat on 
large pieces of 17 different coals ranging 
in carbon content from 78.9 to 92.2 per- 
cent (dry, ash-, and sulfur-free basis). The 
samples included 9 bright coals (clarains, 
one an anthracite), 6 hard or dull coals 
(durains), and 2 mixtures of “brights” and 
“hards.” One-inch cubes were cut out with 
a hack saw, measured accurately, and pho- 
tographed. The cubes were placed in a 
large silica tray which was inserted in a 
tightly closed electric muffle through which 
oxygen-free nitrogen was passed during the 
experiment. The temperature was raised 
fairly rapidly to 300° C, thereafter at 1° C 
per minute up to 600° C. The cokes were 
allowed to cool in an inert atmosphere, 
measured, and photographed. They were 
then sectioned by Rose’s method, 15 i.e., set 
in plaster of Paris, sectioned with a Carbo- 

13 Lessing, R., J. Soo. GTiem. Ind., 31, 465-8, 
671 (1912). 

14 Mott, R. A., ibid., 46, 85-92T (1927) ; Fuel , 
6, 227-31 (1927). 

is Rose, H. J., Fuel, 5, 57-64 (1926). 


rundum cutting wheel, and polished with 
various grades of emery, a final polishing 
being given with alumina. The sections 
were then examined microscopically and 
photographed at right angles to the bed- 
ding plane of the original coal. The por- 
ous structure of the cokes was shown in 
the sections. 

Except for the anthracite, the swelling 
of the bright coals decreased fairly regu- 
larly with decreasing carbon content and 
was always greater at right angles than in 
the direction parallel to the bedding plane 
of the coal. Pore structure was less well 
defined, in general, in the lower-rank coals. 
Distortion and disruption of the pores indi- 
cated that appreciable gas pressures were 
associated with apparent liquefaction. 
Fracture cracks in the cokes denoted re- 
lease of gas pressure developed during the 
plastic state of the coals. The structure of 
the cokes prepared from the “hards” sig- 
nified that either only small gas pressures 
were developed during the critical stages 
of coke formation or that the developed 
pressures were easily released. 

Mott and Shimmura 16 subjected a num- 
ber of moderate and inferior coking coals 
to methods of examination similar to that 
just described. Particular attention was 
given to the effect of the rate of heating. 
The coals were from 9 seams — i from a 
Yorkshire colliery and 5 from a Derby- 
shire colliery — and included 9 “brights” 
(clarains) and 5 “hards” (durains). All 
the “brights” were high-volatile coals with 
carbon contents ranging only from 82.1 to 
85.2 percent (pure-coal basis). 

Swelling of the bright coals was observed 
to be less than that of many of the bright 
coals of higher carbon content. 14 The per- 
centage increase in volume showed a rough 

16 Mott, R. A., and SMmmnra, T., Fuel , 7, 
472-86 (1928) ; J. Fuel Soo. (Japan), 8, 172-90 
(1929). 
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correlation with increase in carbon content. 
Both “brights” and “hards” produced por- 
ous-structure cokes at the 1° C per minute 
heating rate. Similar tests carried out at 
a 5° C per minute heating rate gave cokes 
more distorted in shape. One from the 
coal of highest carbon content (85.2 per- 
cent) showed only partial fusion; and 4 
from the coals of lowest carbon contents 
(82.1 to 83.7 percent), no fusion. Later 
experiments proved that coals with a car- 
bon content of 85 percent or more fused 
only partly at the 5° C per minute heating 
rate. 

The cokes made from the “hards” at the 
rapid rate of heating behaved in the same 
way as those made at the slow rate. The 
percentage alteration in volume at the 
rapid rate showed no general relationship 
between the percentage increase in volume 
and the carbon content. However, the 2 
coals that gave lower increases in volume 
during coke formation at the slow rate of 
heating than were to be expected from 
their relative carbon content, compared to 
that of other coals in the bright series, 
showed the greatest relative increases in 
volume at the rapid rate of heating. 

Damm 3 observed the beginning of fusion 
by means of a stereomicroscope. A com- 
pressed sample of coal was heated gradu- 
ally in a tube through which a slow stream 
of carbon dioxide was passed to remove 
the gaseous products of decomposition ; 
the temperature was determined by a 
thermocouple. In many coals, visual ob- 
servation of the beginning of fusion could 
be made very distinctly; in others, the 
fusion was obscured by the previous for- 
mation of tar vapors. 

Berl and Schildwachter 17 used a small 
electric tube furnace; the tube was illumi- 
nated by a small arc light. An inert at- 

it Berl, E., and Schildwachter, H., Brennstoff- 
Chem 9 , 159—60 ( 1928 ). 


mosphere of hydrogen, nitrogen, or carbon 
dioxide was maintained in the furnace dur- 
ing the destructive distillation of the coal. 
Temperatures of (a) initial decomposition, 
( b ) tar evolution, (c) end of coke forma- 
tion, and ( d ) end of gas formation were 
observed at 45-diameter magnification by 
means of an Endell heating-stage micro- 
scope. For the (a), (6), (c), and ( d ) 
temperatures, respectively, in nitrogen gas, 
a gas flame coal showed 270, 320, 490, and 
550° C; extracted gas flame coal, 200, 310, 
“little change,” and 550° C; gas flame coal 
and the entire bitumen, 160, 220, 400, and 
520° C; gas flame coal and solid bitumen, 
160, 240, 400, and 480° C; and gas flame 
coal and oily bitumen, 160, 230, 390, and 
500° C. 

Ball and Curtis 18 attempted direct ob- 
servations of the softening point of single 
pieces of coal in a microfusion apparatus 
mounted on a microscope stage. No real 
fusion could be observed. 

They devised a second apparatus in 
which the coal particle was mounted at the 
center of a horizontal steel tube and heated 
at a rate of not over 1° C per minute 
while bathed by a slow stream of pure 
dry nitrogen. With very fusible coals, the 
particle became somewhat rounded and 
swollen with many wide cracks over the 
surface, but no real fusion could be ob- 
served. The distortion temperatures 
found by this method checked the soften- 
ing temperatures obtained by the gas-flow 
method for some coals, whereas for others 
the distortion temperatures were as much 
as 15° C lower than the softening tempera- 
tures. 

Kattwinkel 19 used powdered-coal or bri- 
quetted-coal cylinders in a transparent 

is Ball, A. M., and Curtis, H. A., Ind. Eng. 
Chem., 22, 137-40 (1930). 

19 Kattwinkel, R., Brenmtoff-Chem ., 11 , 329-30 
(1930). 
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quartz tube fitted with a ground-in stopper 
and gas-outlet tube. The charged tube 
was placed centrally in a short, upright, 
thick-walled aluminum cylinder, which had 
a wedge-shaped slit closed by a mica win- 
dow for observation of the heating process 
by means of a microscope lamp. The as- 
sembly was heated with a microburner, 
fairly rapidly to 250° C, then at 5° C per 
minute. A thermometer with bulb at the 
same height as the coal sample measured 
the temperature in the aluminum cylinder. 
Volatilization of the bitumens accompanied 
by expulsion of hydroscopic water ("bitu- 
men decomposition point”) was indicated 
by the temperature at which oils condensed 
on the stopper and in the gas-outlet tube. 
The softening point was indicated by the 
start of swelling, and the solidification 
point by the end of swelling. This tem- 
perature interval was designated the “soft- 
ening zone.” The stopper and gas-outlet 
tube were removed from the tube, an iron 
mantel placed around the aluminum block 
to provide heat insulation, and the tem- 
perature held at 520° C for 10 minutes. 
The quartz tube was then removed from 
the furnace and the volume and weight 
yields of semicoke determined. Yields 
were within 1 to 2 percent of those ob- 
tained by the Fischer assay test. Five 
caking and six noncaking coals were tested. 
The caking coals showed considerable plas- 
ticity, that is, a large difference between 
the temperatures of softening and solidi- 
fication, and -considerable increase in vol- 
ume. The noncaking coals were nonswell- 
ing and nonmelting and showed no in- 
crease (some showed a decrease) in vol- 
ume; with these coals only the bitumen 
decomposition point was recognized. 

Kattwinkel later 20 improved the appa- 
ratus and test procedure in several re- 

20 Kattwinkel, R. f GlucTcauf, 68, 518-22 (1932). 


spects. To prevent oxidation of the 1- 
gram coal pellet, and to remove distillation 
gases more rapidly, the coal tube was pro- 
vided with both gas-inlet and gas-outlet 
tubes through which a slow stream of car- 
bon dioxide was passed during the test. 
As soon as the hydroscopic water had been 
driven off, a filter was placed in the gas- 
outlet to adsorb condensable oils and tar. 
The rate of heating up to 200° C was at 
20° C per minute, from 200 to 300° C at 
10° C per minute, and above 300° C at 
5° C per minute. 

With the 5 caking coals four character- 
istic temperature points, which indicated 
changing conditions and characterized the 
softening zone, could be established. The 
bitumen decomposition point Z was de- 
fined as the temperature at which the first 
distillation products in the form of light- 
yellow oil were adsorbed on the filter. At 
the softening point E the cleavage prod- 
ucts (primary tar) were brown to black. 
This point agreed well with the softening 
point determined by a penetrometer test. 
With further temperature rise the tar for- 
mation subsided. The temperature at 
which the coal began to swell was desig- 
nated the swelling point B (Blahpunkt ) . 
Above this temperature the volatile con- 
stituents consisted only of gases. Transi- 
tion of the plastic coal into the solid state 
took place at a still higher temperature, 
the resolidification point W, at which 
swelling was complete and the melted coal 
had solidified. This solidification point was 
easily and clearly established. The deter- 
mination under like test conditions could 
be repeated with only a 2 to 3° C differ- 
ence at all four fixed points. The vol um e 
increase of the coal pellet gave a measure 
for the degree of swelling of the coal, which 
was expressed in percentage of the original 
volume of the coal pellet. 
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Noncaking coals and caking coals that 
had lost their coking power through oxi- 
dation showed no swelling by this method 
of determination. With such coals the 
softening zone was defined by the decom- 
position point and a fixed point, which 
was taken at 75° C above the softening 
point and was subdivided by an intermedi- 
ate point lying 50° C above the softening 
point. 

Additional information on the 7 coals 
tested was obtained from quantitative de- 
terminations of the weight yields of vola- 
tile products given off between certain 
characteristic temperature limits. The di- 
vision of volatile products from 4 fat coals 
and a gas coal was made as follows: below 
decomposition point Z in the preheating 
or predegasification zone; from Z to soft- 
ening point E , first segment of the soften- 
ing zone; from E to swelling point B } sec- 
ond segment of the softening zone; from 
B to the resolidification point IF, third seg- 
ment of the softening zone; from IF to 
semicoke point H taken as 520° C, semi- 
coke zone or a part of the after-degasifica- 
tion zone; and from H to coke point K } 
coking zone or the rest of the after-degasi- 
fication zone. For the gas coal after some 
oxidation and a low-rank young coal, 4- 
50° C was used for B and E -f 75° C for 
IF. To obtain the amount of gas from H 
to K the pellet was removed, finely ground, 
and coked in a platinum crucible accord- 
ing to the Bochum crucible test at 900° C. 

The evolution of gases was strongest in 
the caking coals in the second segment of 
the softening zone, that is, from E to B. 
The rate decreased rapidly thereafter 
through the third segment of softening 
zone B to IF, and then remained the same 
or rose slightly in semicoke zone W to H . 
The oxidized gas coal gave more gas in the 
earlier than in the later stages. In the 
low-rank, noncaking coal evolution of gases 
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was greatest in the predegasification zone, 
that is, up to Z. 

The method of Kattwinkel 20 was used 
by van Ahlen 21 to determine the tempera- 
tures of decomposition and softening on 5 
sieved sizes, ranging from less than 0.088 
up to 0.75 millimeter, of raw and floated 
coal sludges. The lowest decomposition 
and softening temperatures for the raw 
coal sludges were obtained on the 0.50 to 
0.20 millimeter size, and for the floated 
coal sludges on the 0.20 to 0.102 millimeter 
size. Correlations of the ratio of dull coal 
to bright coal and of fusain content for 
each size with its decomposition and soft- 
ening temperatures were unsatisfactory. 
Petrographic constituents were separated 
by sieve analysis, which Stach 22 has stated 
does not give quantitative results. 

Pieters and Koopmans 23 heated 3 grams 
of coal in a rotating, horizontal, glass tube 
through which was passed a stream of car- 
bon dioxide. The desired temperature, at- 
tained in 45 minutes, was then held con- 
stant for 30 minutes, until no more tar fog 
developed. Primary tar, determined by 
collecting and weighing, agreed well with 
results obtained by the Fischer low-tem- 
perature assay method. The cooled re- 
action residue product was mixed with 
molten resin and again cooled and hard- 
ened; the surface was ground, polished, 
and studied microscopically with vertical 
illumination. Results on coals of different 
rank, their petrographic constituents, and 
oxidized coals were illustrated by photo- 
micrographs. 

Gieseler 24 investigated the coking proc- 
ess of several coals by means of an im- 
proved Leitz heating-stage microscope. 

2 1 Van Ahlen, A., Gliichauf , 71, 68-70 (1935). 

22 Stach, E., Lefirbuch der Kohlenpetrographie, 
Gebriider Borntraeger, Berlin, 1935, p. 249. 

23 Pieters, H. A. J., and Koopmans, H., Het 
Gas, 52, 478-82 (1932) ; Fuel, 11, 447-51 (1932). 

24 Gieseler, K., Gluckauf, 69, 604r-7 (1933). 
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The first decomposition of .an Upper Si- 
lesian vitrain occurred at about 350° C ; its 
softening, between 380 and 450° C. The 
durain softened only partially, while the 
fusain was unchanged. Generally, the fat 
coals fused appreciably, whereas gas-rich 
Upper Silesian coal of high durain content 
melted only a little. Esskohl (forging 
coal) showed resolidification after a very 
short “melting” range. 

Potonie and Bosenick 23 determined the 
melting points and courses of degasification 
of the structural constituents, Vitrit, Clarit, 
Durit, and Fusit, in Bismarck Seam coal 
by means of the heating microscope con- 
structed the previous year by Potonie and 
Stockfisch. It was possible by this ar- 
rangement to examine the physical and 
chemical properties of the distillation prod- 
ucts obtained at the different temperatures. 
Results on powdered samples were com- 
pared with similar observations on solid 
pieces of coal embedded in dental cement. 
The object of the tests on the solid coal 
was to make observations under such con- 
ditions that the specimen was not moved 
by the action of heat, as frequently hap- 
pened with powdered coal. These solid 
samples showed, for Vitrit , a predegasifica- 
tion at about 400° C, combined with the 
formation of large bubbles and a main 
degasification at about 600° C, and forma- 
tion of silver-white coke; for Clarit, the 
same properties but at higher tempera- 
tures; for Durit, a strong predegasification 
at 480° C and very many small bubbles, 
after-degasification at about 640° C, and 
dark dense coke; and for Fusit, no change, 
only a weak gas formation at 700° C. 

Thiessen and Sprunk 26 studied micro- 

25 Potonig, R., and Bosenick, G., Mitt. LaT>. 
preuss. geol. Landesamtalt , 1933, No. 19, 75-110, 
esp. 82-7. 

26 Thiessen, R., and Sprunk, G. C., Fuel , 13, 
116-25 (1934). 


scopically the effect of heat on coal. Bright 
coal from the Alma Seam, West Virginia, 
consisting of 38 percent anthraxylon, 48 
percent translucent attritus, 6 percent 
opaque attritus, and 8 percent of fusain by 
area, was used in most of the work. The 
coal was cut into 1-inch cubes and heated 
in duplicate in a nitrogen atmosphere in a 
small electric furnace. Tests were made 
in successive stages at 5° C intervals from 
100 to 400° C. Heating to the desired 
temperature was carried out at a rate of 
approximately 5° C per minute and was 
then held within 5° C of the desired tem- 
perature for 2.5 hours — long enough to 
allow the reactions to complete themselves. 

A number of thin sections were then pre- 
pared from each of the samples and ex- 
amined microscopically at various magni- 
fications. Two types of changes were 
noted: (1) the formation of numerous 
dark-bordered cracks in the coal, and (2) 
the formation of vacuoles and their fur- 
ther development into a spongy mass. It 
was found that the greatest swelling oc- 
curred perpendicularly to the bedding 
plane of the coal and was very irregular. 
The point at which various constituents 
in the coal began to melt could be deter- 
mined closely and precisely. The remain- 
ing coal was unaffected by the melting and 
by effervescence or sponge formation and 
was shown to be composed of a variety of 
constituents. The original paper should be 
consulted for further details. 

Kaatz and Richter 27 attempted direct 
macro observations of the melting and re- 
agglomeration of coal contained in a glass 
tube which was heated in a salt bath. Only 
slight recognizable distinctions between 
coals- were noted. Check values were hard 

27 Kaatz, L., and Richter, H. E., Gas- u. Was - 
serfach, 78, 221-9 (1935). 
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to obtain. Only qualitative differences 
were shown to exist, even in samples of 
the same origin, so that a comparative esti- 
mate could not be made of delivered coals. 

TEST METHODS USING ABSORPTION OF COLD 
PYRIDINE 

Hofmann and Damm 28 observed that 
with sufficiently prolonged extraction of 
lump coal with cold pyridine almost as 
much material was extracted as with hot 
pyridine. Marked swelling took place with 
certain types of coal by cold pyridine 
treatment. 

Meyer 29 half-immersed blocks of coal in 
cold pyridine in a weighing vessel and 
measured the absorption and extraction 
with time. After 18 hours of treatment, 
strong swelling was observed in many sam- 
ples. In general, the degree of swelling 
decreased with increasing rank of coal. 
The suitability of a given coal for coking 
could be predicted only to a limited extent 
from its swelling property in cold pyridine. 
Low-rank coals, such as Saxon brown coal, 
showed pronounced swelling at first, then 
shrank rapidly, whereas fat coals of better 
coking properties showed less rapid swell- 
ing at first and little or no aftershrinkage. 

Damm 3 found that the swelling shown 
by 6 German coals after standing for 14 
days in cold pyridine was related to the 
expansion pressure of the coal. The degree 
of swelling was observed to be more 
marked the smaller the expansion pressure 
of the coal. 

Chorazy 30 measured the gain in weight 
of coal samples over pure pyridine in a 
desiccator. Daily readings showed that old 

28 Hofmann, F., and Damm, P., Brennstoff - 
Chem., 3, 73-9, 81-91 (1922). 

29 Meyer, E., Braunkohlenarch No. 18, pp. 1- 
58 (1927). 

80 Chorazy, M., Prisemysl Chem 15, 233-52, 
257-70 (1931). 


coals, those with carbon-to-hydrogen ratios 
above 20 to 1, took up insignificant 
amounts, whereas young coals absorbed 
large quantities. No strict relationship 
was found between volatile matter content 
and the amount of absorption, although 
vitrain showed a fairly regular decrease of 
absorption with decrease in volatile con- 
tent. In older coals, vitrain, durain, and 
fusain showed no differences in absorption 
of pyridine, but in younger coals the abil- 
ity to absorb was characteristic of the 
petrographic composition of the coals. 
Vitrain absorbed the most pyridine, and 
fusain the least. Only vitrain gave ab- 
sorptions from which the coal deposits 
could be characterized. Preheating at 
various temperatures up to 500° C caused 
some coals to absorb more pyridine than 
did the original coal. The phenomenon of 
plasticity occurred at temperatures simi- 
lar to those that enhanced pyridine vapor 
absorption. Claims were made that studies 
of pyridine vapor absorption curves can 
serve for an accurate determination of the 
plastic state and of the state in which the 
coal colloid gradually passes into semiliquid 
gel. 

Agde and Hubertus 31 measured the pen- 
etration of pyridine into the coal sample 
by means of the swelling meter devised by 
Enslin for Freundlich and coworkers. 32 
Gas flame coals swelled rapidly at first and 
then more slowly for several days, and to 
a greater extent than fat coals, whose swell- 
ing was usually complete in one day. The 
lean coals showed intermediate swellings. 
The mechanism of swelling in pyridine was 
discussed in detail. 

3 1 Agde, G., and Hubertus, R., Braunkohlen - 
arch.. No. 46, pp. 1-30 (1936) ,* Fuel, 16, 288- 
303, 337-43, 366-75 (1937). 

32 Enslin, O., Chem. Fahrik, 6, 147-8 (1933). 
Freundlich, H., Schmidt, O., and Lindau, G., Eol- 
loid-Beihefte, 36, 43-81 (1932). 
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Agglutinating and Free Swelling 
(Blahen) Test Methods, Coal 
under No Added Load 

Numerous crucible and tube tests for the 
determination of “caking index/* “caking 
power/* or “agglutinating index*’ have been 
described. Two types of test methods, dif- 
fering somewhat in procedure and recog- 
nized as suitable, have been employed. In 
one, the coal sample is mixed with some 
inert material, such as sand, electrode car- 
bon, or silicon carbide; in the other, the 
coal alone is carbonized. The agglutinat- 
ing test involves the capacity of the coal 
to cohere large proportions of some inert 
material. A distinctive feature of this test 
is that the original charge of coal and 
inert material seldom swells during the 
test. 

agglutinating- value test methods 

The agglutinating-value test is a small- 
scale laboratory test method that gives an 
approximate measure of the quantity and 
quality of the material in coal that fuses 
and becomes plastic on heating in the ab- 
sence or near absence of air. This prop- 
erty of caking or agglutination is necessary 
for coals used for coke manufacture, but 
when coals are burned on grates it often 
causes trouble due to obstruction of air 
through the fuel bed. 

It was first shown by Richters in 1870 33 
that those coals known to produce the best 
commercial cokes were capable of incor- 
porating a higher admixture of inert ma- 
terial to give a carbonized residue of defi- 
nite crushing strength than were the more 
inferior coking coals. Richters carbonized, 
at approximately 950° C until the visible 
flame disappeared, mixtures of air-dried, 
finely powdered coal and washed, powdered 

S3 Richters, 13., Dinglers Polytech. J., 195, 71-3 
(1870). 


quartz in a platinum crucible. One gram 
of coal and increasing amounts of quartz 
were carbonized until the resulting button 
just sustained a 500-gram weight, without 
crumbling. The caking or agglutinating 
index was expressed as the ratio of quartz 
to coal in the mixture of limiting crumbling 
strength. Numerous modifications of this 
test have been made by investigators em- 
ploying different inert materials and vari- 
ations in both apparatus and test proced- 
ure. 

In 1929, Marshall and Bird 34 summa- 
rized and reviewed critically the more im- 
portant test methods proposed by earlier 
investigators. 33 - 35 All these methods, ex- 

34 Marshall, S. M., and Bird, B. M., Trans. Am. 
Inst. Mining Met. Engrs., 88, 340-88 (1930). 

35 (a) Campredon, L., Compt. rend., 121, 820-2 

(1895^ ; Rev. chim. ind., 7, 8-9 (1896). (b) 

Strahan, A„ and Pollard, W., Mem. Geol. Survey 
Engl. Scot. Wales, 1908, 91 pp. (c) Lessing, R., 
J. Sod. Ghem. Ind., 31, 465-8, 671 (1912) ; Fuel, 
2, 152-5, 186-90 (1923) ; Chester, C. H., Gas 
J., 164, 517-22 (1923) ; Gas World, 79, 472-6 
(1923). (d) Dunn, J. T., J. Soc. Ghem. Ind., 32, 

397-8 (1913); Gas World, 58, 770 (1913). (e) 

Meurice, A. A., Ann. mines Belg., 19, 625 (1914) ; 
Colliery Guardian, 117, 1559-60 (1919) ; Chaleur 
et ind., 4, 45-52 (July, 1923) ; Fuel, 2, 305-8 
(1923) ; Sainte-Claire Deville, J., Fuel, 2, 296- 
7, 345-9 (1923). (/) Charpy, G., and God- 

chot, M., Compt. rend., 164, 906-8 (1917). ( g ) 

Sinnatt, F. S., and Grounds, A., Trans. J. Soc. 
Chem. Ind., 39, 83-6T (1920). ( h ) Weighell, A., 

J. Soc. Chem. Ind., 41, 17T (1922). (i) Bone, 

W. A., Pearson, A. R., Sinkinson* E., and Stock- 
ings, W. E., Proc. Roy. Soe. {London), AlOO, 
582-98, esp. 595 (1922) ; Wheeler, R. V., Fuel, 

I, 61 (1922). (j) Gray, T., Fuel, 2, 42-5 

(1923) ; Dept. Sci. Ind. Research {Brit.) Fuel 
Research Survey Paper 2 (1923), 28 pp., esp. 
10-1 ; Fuel, 3, 27-30, 53-6, 93-7, 140-2, esp. 
95—7 (1924) ; Dept. Sci. Ind. Research {Brit.) 
Research Survey Paper 7 (1927), 35 pp., esp. 
10-1. {7c) Badarau, A., and Tideswell, F. V., 

Fuel, 2, 61-6 (1923) ; Burdekin, J. T., Dept. Sci. 
Ind. Research {Brit.) Fuel Research Survey 
Paper 8 (1927), 21 pp. ; Anon., Gas J., 178, 29 
(1927). (Z) Ahrens, B., Brennstoff-Chem., 5, 

268—70 (1924) ; Kreulen, D. J. W., Brennstoff- 
Chem., 5, 381-3 (1924). (m) Qvarfort, S., Fuel, 

4, 154-60 (1925). (n) Marson, C. B., and Cobb, 

J. W., Gas J 171, 39-43 (1925). (©) Barash, 

M., Gas J., 172, 17-27, Coke Competition Number 
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cept those by Lessing, Charpy and God- 
chot, Qvarfort, and Coffman and Layng, 
used some form of inert material with the 
coal. A summary of these early test meth- 
ods that used a mixture of an inert ma- 
terial and coal shows the wide diversity of 
various factors which affect an empirical, 
although sensitive, test of this kind: 

1. Most of the test methods using an in- 
ert material (quartz, sand of rounded- or 
sharp-edged grains, anthracite, coke, ash- 
forming constituents, or electrode carbon) 
specified that it be closely sized and in some 
instances receive other purifying treatment. 

2. The size of coal ranged from minus 30- 
to plus 120-mesh; three tests even used sized 
coal. Specifications for moisture content of 
the coal, if given, ranged from saturation 
to coal dried at 105° C. 

3. Great diversity of opinion was shown in 
regard to the best method of preparing the 
coke buttons. Some tests changed both the 
weight and volume of the buttons before 
coking; this group included all tests in which 
different weights of inert material were 
added to a constant weight of coal. In 
other tests only the volume was changed; 
this group included tests using a constant 
weight of button but different proportions 
of coal and inert material. Only three tests 
maintained both volume and weight con- 
stant. Adequate precautions for preventing 
segregation of the inert material and the 
coal in the interval between mixing and 
carbonization, if observed, were not re- 
corded. Only one test method recognized 
the necessity of compressing the mixed sam- 
ple to bring the components of the buttons 
into intimate contact before carbonizing. 
Crucibles and cylindrical tubes of different 
shapes and materials were used as containers 
for the buttons. Different end temperatures 

(Nov. 9, 1925) ; Fuel , 6, 532-51 (1927) ; Trans. 
J. Soc. Chem. 2nd., 45, 151-77T (1926) ; Gas J., 
173, 276-80 (1926) ; Dann, H., Gas J., 173, 
477-8 (1926) ; Fulweiler, W. H., and Cleveland, 
T. K., Proc. Am. Gas Assoc., 1927, 1399-410. ( p ) 
Kattwinkel, R., Gas- u. Wasserfach, 69, 145—50 
(1926) ; GliicJcauf, 62, 972-3 (1926) ; Fuel , 5, 
347-55, 431, 980-1 (1926) ; Brennstoff-Chem ., 
11, 329-30 (1930) ; Bahr, H., Fuel, 5, 430-1, 
978-80 (1926). ( q ) Coffman, A. W., and Layng, 
T. E., Ind. Mng. Chem., 20, 165-70 (1928). 


and rates of heating with various types of 
burners and electric furnaces were employed. 

4. Those tests on buttons containing dif- 
ferent proportions of inert material involved 
some fixed procedure such as supporting a 
given weight, sometimes with the determina- 
tion of the percentage of detritus; several 
tests depended on visual examination or 
some other scheme, involving the skill and 
judgment of the individual operator, such 
as breaking the button in the fingers. But- 
tons with constant proportions of coal and 
inert material were generally crushed in a 
testing machine. Only three tests involved 
trimming-up of the surface of the buttons 
prior to crushing. 

5. The favorite method of reporting the 
agglutinating value was the maximum ratio 
by weight of inert material to coal in the 
button that just met or failed to meet the 
breaking test of the given test. In some 
tests this had only a single value, the maxi- 
mum attained; in others, the results were 
shown as a curve in which the breaking 
strength was plotted against the ratio of 
inert material to coal. In a few instances, 
an equation that incorporated the inert ma- 
terial-coal ratio, breaking load, percentage 
of fines produced by handling and crushing, 
and sometimes other factors into a single 
number was used. This number bore no di- 
rect relationship to the load sustained by the 
button. In several tests, the crushing strength 
per unit area was taken as the agglutinating 
value. 

Marshall and Bird concluded from their 
examination of the work of these earlier 
investigators that the agglutinating test 
was sound in principle but that the pro- 
cedures of the various proposed test meth- 
ods were faulty. Essentially the same con- 
clusions were reached at about the same 
time by other workers 36 who studied criti- 

36 Slater, L., Dept . B oi. Ind. Research (Brit.), 
Fuel Research Board Rept . 1928-9, 110-9. Be 
Vos, G., Natuuno. Tijdschr., 12, 163-70 (1930). 
Leeuw, J. de, and Brender k Brandis, G. A., Het 
Gas, 50, 143-4 (1930). Pieters, H. A. J., and 
Smeets, G., Hid., 51, 228-34 (1931), 52, 153-5 
(1932). Crussard, L., and Gauzelin, M., Rev. 
ind . minirale, 12, No. 283, 389-408, No. 284, 
409-26 (1932) ; J. usines gas., 57, 33-41, 65-70, 
82-9, 136-44 (1933). 
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cally certain of the earlier published agglu- 
tinating test methods. 

The method developed by Marshall and 
Bird 34 consisted in mixing 22.725 grams 
of 40- to 50-mesh Tyler sieve Ottawa sand 
with 0.07 gram of glycerol and 2.275 grams 
of minus 100-mesh (Tyler sieve) coal. 
Ten such mixtures were prepared and car- 
bonized for 20 minutes at a maximum tem- 
perature of 950° C. When the buttons 
were to be broken the loose material was 
poured off and the crucible turned over so 
that each button was inverted on a soft 
rubber pad. The top of the button was 
likewise protected by a small rubber pad. 
The button, with pads in position, was 
placed in the center of the platen of the 
testing machine, and crushed. Record was 
made of the maximum crushing strength in 
grams and of any unusual feature of the 
test. If any button differed in crushing 
strength from the average of the 10 but- 
tons by more than 10 percent the test was 
repeated. 

The agglutinating values of 18 coals of 
various ranks from different parts of the 
United States increased with increasing 
relative strength of known cokes manufac- 
tured from them. Very definite increases 
were noted in the agglutinating values with 
increases in the 2-inch shatter tests of the 
cokes from 5 of these coals. Correlations 
between the agglutinating values and cer- 
tain constituents of the coals showed gen- 
eral trends. The agglutinating values de- 
creased with increase in the oxygen con- 
tent of the coals and with increase in the 
carbon monoxide and carbon dioxide con- 
tent of their distillation gases, but they 
increased with the carbon-oxygen and hy- 
drogen-oxygen ratios of the coals. The 
plotted points for all these correlations 
were scattered somewhat, probably owing 
to influences that affected the agglutinating 


values without affecting to the same de- 
grees the other properties just cited. 

Johnson and Yancey 37 studied various 
factors affecting the method of test as pro- 
posed by Marshall and Bird. The factors 
studied in relationship to the agglutinating 
values obtained included: (1) the tempera- 
ture of carbonization; (2) the time of car- 
bonization; (3) the ratio of sand to coal; 
(4) the effect of using sponge-rubber cap- 
pings of different thickness in the machine 
for determining the breaking strength of 
the buttons; (5) the amount and nature 
of the liquid added to the coal-sand mix- 
ture to prevent segregation; and (6) a 
comparison of the agglutinating values ob- 
tained from samples of the same coal by 
three different workers. 

Tests on 5 coking coals, determined at 
100° C intervals from 650 to 1,050° C, 
showed, except for 1 Utah coal whose ag- 
glutinating value continued to decrease, 
that the agglutinating values decreased 
with increase in the temperature of car- 
bonization up to about 950° C and then 
increased slightly at 1,050° C. The car- 
bonizing temperature of 950° C, advocated 
by Marshall and Bird, which gave the 
minimum agglutinating value under the 
test conditions used, was considered most 
satisfactory. 

The effect of time of carbonization on 
the agglutinating values of 2 Washington 
coals was studied for time intervals of 7 to 
120 minutes. The agglutinating value de- 
creased sharply up to 10 and 18 minutes 
of heating for the two coals. This was 
attributed to a decrease in the tempera- 
ture of the furnace caused by insertion of 
the cold sand-coal samples. Beyond the 
20-minute period the slope of the curve, 
that is, agglutinating values, in grams, 

st Johnson, K. A., and Yancey, H. F., TJ. S. 
Bur. Mines , Repts. Investigations SOU (1930) 

7 pp. ; Fuel, 9, 517-21 (1930). 
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plotted against time of carbonization, in 
minutes, was much, less pronounced. The 
20-minute period, recommended by Mar- 
shall and Bird, was adopted as satisfactory 
for carbonization. 

The effect of changing the ratio of sand 
to coal by steps from 2 : 1 to 20 : 1 with 
carbonization for 20 minutes at 950° C was 
to decrease the agglutinating values as the 
ratio of sand to coal was increased. Mix- 
tures of 10 parts of sand to 1 part of coal 
by weight, recommended by Marshall and 
Bird, were considered satisfactory for the 
usual range of agglutinating values ob- 
tained with coking coals. 

Tests on rubber-sponge cappings be- 
tween the buttons and the platens of the 
machine used for determining the breaking 
strength of the buttons suggested that rub- 
ber sponges % 6 inch thick and of density 
about 0.38 be used until a more satisfac- 
tory capping could be found. 

The crushing strength of the buttons 
was found to decrease with increased 
amounts of added glycerol or water. 
Segregation of the sand and coal was found 
to be prevented best by adding 1 drop of 
glycerol from a surface-tension dropper of 
the Traube type. 

Comparative agglutinating values ob- 
tained on the same 3 coals by three dif- 
ferent workers in different laboratories 
using the Marshall-Bird procedure, except 
that the coal samples were first air-dried 
under laboratory conditions instead of at 
105° C, before being crushed to 100-mesh, 
gave fairly satisfactory check results. 

Davis and Pohle 38 studied the effect of 
the addition of various finely ground min- 
eral inerts as a part of the coal sample on 
the agglutinating value of Pittsburgh Seam 

38 Davis, J. D., and Pohle, W. D., Ind. Eng. 
Chem ., 23, 1427-31 (1931) ; Mining Met. Investi- 
gations, XJ. S. Bur. Mines, Carnegie Inst. Tech., 
Mining Met. Advisory Boards Coop. Bull. 55 
(1932), 10 pp. 


(Banning No. 1 mine) coal. The strength 
of the coke buttons increased up to about 
25 percent additions of the weight of the 
coal. The effect varied somewhat with the 
nature of the inert material, but invari- 
ably a definite increase was found. Re- 
sults were similar to those obtained by 
Dunn, 39 who studied the effect of natural 
ash-forming materials in coal. Buttons 
made from the coal-mineral inerts and elec- 
trode carbon instead of sand decreased 
regularly in strength with increasing 
amounts of the added mineral inert, but 
with fusain this decrease was only slight 
up to additions of 20 percent. The action 
between inert and coal was physical, rather 
than chemical. The effect of the fineness 
of the added inert, if mineral, was specific; 
if entirely carbonaceous, no specific effect 
was observed. 

The many variables affecting the agglu- 
tinating-value test method were studied by 
Selvig, Beattie, and Clelland 40 with a view 
of standardizing the test. On the basis of 
this investigation a number of major 
changes in both apparatus and test pro- 
cedure were incorporated in a “proposed 
method of test for agglutinating value of 
coal.” 41 Specifications for the apparatus 
and the recommended test procedure were 
almost identical with those of the new im- 
proved method proposed 42 using silicon 
carbide instead of sand as the inert ma- 
terial in the agglutinating mixture. 

39 Dunn, J. T., J. Soc. Chem. Ind ., 32, 397-8 
(1913) ; Gas World, 5S, 770 (1913). 

40 Selvig, W. A., Beattie, B. B., and Clelland, 
J. B., Proc. Am. Soc. Testing Materials , 1933, 
preprint, 17 pp. ; Proc. Am. Soc. Testing Ma- 
terials, 33, Pt. II, 741-60 (1933) ; Mining Met. 
Investigations , U. S. Bur. Mines, Carnegie Inst. 
Tech., Mining Met. Advisory Boards Coop. Bull. 
60 (1933), 17 pp. 

41 Proc. Am. Soc , Testing Materials , 34, Pt. 
I, 457-62 (1934). 

42 ASTM Standards on Coal and Coke, Am. 
Soc. Testing Materials, Philadelphia, 1938, pp. 
95-100. 
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Experience in the U. S. Bureau of Mines 
and other laboratories showed that differ- 
ent shipments of Ottawa sand, used as the 
standard inert material, varied in physical 
structure. Sand having a relatively large 
amount of grains with frosted surfaces gave 
higher agglutinating values than sand with 
more glossy surfaces. Tests on different 
lots of silicon carbide showed that this ma- 
terial was sufficiently uniform for use as 
the inert material. Cooperative tests with 
another laboratory showed good agreement 
when the same coals were tested and dif- 
ferent lots of silicon carbide were used. 
The commercial availability of silicon car- 
bide (Carborundum) of uniform grain 
structure and the excellent results obtained 
with it led to its substitution for sand as 
the specified inert material. 

The British standard method for the de- 
termination of the agglutinating value of 
coal 43 is a modified Gray-Campredon test. 
The test is empirical and is claimed to 
show good reproducibility by one individ- 
ual operator, but a high degree of con- 
cordance is not to be expected between 
different operators. It is therefore recom- 
mended that the agglutinating value as 
determined by the test should be applied 
to assessing the agglutinating index of the 
coal according to a specified grouping. 

Applications of the Agglutinating -Value 
Test. There is lack of agreement among 
coal chemists as to the value of this test 
to evaluate coals for coke-making. It is 
probably too much to expect close corre- 
lation with the strength of commercial 
cokes. The test has been shown to be of 
value in detecting deterioration of coking 
properties of coal due to storage. Mar- 
shall, Yancey, and Richardson, 44 from 

43 British Standards Institution , Pub. Dept., 
705 (1936), 9 pp. 

44 Marshall, S. M., Yancey, H. F., and Richard- 
son, A. C., Trans. Am. Inst. Mining Met. Engrs., 
88, 389-93 (1930). 


studies on 3 coals that had been exposed 
to oxidation in air for various periods of 
time, concluded tentatively that the rate 
of loss in agglutinating power (Marshall- 
Bird method) followed closely the rate of 
increase in the oxygen content of the coal. 
Rose and Sebastian, 45 on the contrary, con- 
cluded that there appeared to be no cor- 
relation between the agglutinating values 
and the oxygen content of coals, after con- 
trolled oxidation at 80° C for various 
periods of time. 

Barkley and Burdick 46 determined the 
agglutinating value of 25 coals by the pro- 
posed A.S.T.M. method 41 using sand as the 
inert material, but employing sand-coal 
ratios of 10 to 1, 14 to 1, 18 to 1, and 22 
to 1. The values obtained at the 18 to 1 
ratio gave the best correlation with the 
caking action of the same coals determined 
in various types of natural-draft and 
forced-draft burning equipment. Only cor- 
relations of a qualitative nature could be 
considered, because the observations of the 
nature of the coke mat and the rapidity 
of coking must necessarily be described in 
general terms. 

Fish 47 also used this proposed A.S.T.M. 
(sand) method for determining the agglu- 
tinating values of 9 low-volatile Virginia 
coals. Two of the coals had been classed 
as bituminous, and 7 were generally re- 
garded as semianthracites. Six of the 
semianthracites showed zero agglutinating 
values at all four standard sand-coal ratios. 
One so-called semianthracite, Groselose 
Seam coal, although possessing certain 
properties of a semianthracite when han- 
dled and burned, contained more volatile 
matter and an even lower fuel ratio than 

45 Rose, H. X, and Sebastian, X X S., ibid., 88, 
556-84 (1930) ; Fuel, 11, 284-97 (1932). 

46 Barkley, X F., and Burdick, L. R., Power 
Plant Eng., 3S, 132-4 (March, 1934). 

47 Fish, F. H., Virginia Polytech. Inst., Eng . 
Expt. Sta. Series Bull. 20 (1935), 14 pp. 
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the 2 bituminous coals. It showed much 
lower agglutinating values than those of 
the 2 bituminous coals at all sand-coal 
ratios. The agglutinating-value test was 
suggested as a means of classifying coals, 
particularly those on the borderline be- 
tween groups that, might be improperly 
classified according to other properties. 

In summary here, it may be said that 
agglutinating-value tests are helpful in the 
selection of coals for various uses, provided 
that the agglutinating values or indexes are 
correlated with the peculiar characteristics 
of the coals best suited for these uses. The 
test appears to be somewhat limited for 
the so-called scientific classification of cer- 
tain coals. The method is not as appli- 
cable to weakly agglutinating coals as to 
those coals that contain enough agglutinat- 
ing material to produce buttons that will 
not pulverize under a minimum weight 
(say, 500 grams) at a ratio of sand to 
coal of 15 to 1. Lower sand-to-coal ratios 
do not give homogeneous buttons. For 
coal-classification purposes, the method de- 
termines which coals are definitely caking 
rather than which are nonagglutinating in 
the sense that they contain no agglutinat- 
ing or agglomerating material whatever. 
The method is limited, therefore, for dis- 
tinguishing between positive and negative 
caking. 

LABORATORY CRUCIBLE AND TUBE COKING 
TESTS ON COAL ALONE 

Slater 48 studied the relation between 
swelling power and coking at different rates 
of heating. A 20-gram sample of through 
60-mesh coal was held in semicylindrical 
form by means of loose asbestos stoppers 
in the middle 6-inch length of a fused- 
silica tube which was placed horizontally 
in a carefully regulated electric tube (Gray- 


King assay) furnace, 49 preheated to 
300° C. Three series of tests were carried 
out in which the times of heating were 1, 
3, and 4.5 hours, respectively, from the 
time of insertion of the tube in the pre- 
heated furnace to a final temperature of 
600° C, which temperature was then main- 
tained for another hour. Photographs of 
the cokes obtained showed that swelling 
was materially affected by the rate of heat- 
ing. The slowest rate gave the most dis- 
tinct differences among the 10 coals tested. 
The degree of swelling was defined as the 
ratio of coke volume to the original coal 
volume. Bradley and Mott 50 used 
Slater’s method but pointed out that no 
simple numerical measure of the cross-sec- 
tional swelling can be given since the coal 
column was not free to svrell along its 
length. 

Mott 14 coked freshly crushed sized coal 
in covered, clamped cast-iron capsules. 
The coals tested and the heating conditions 
were the same as those described previ- 
ously (see page 170). The anthracite coal 
yielded a noncoherent residue. The 5 
bright, good coking coals (85.2 to 88.4 per- 
cent carbon on the dry, ash-free, sulfur- 
free basis) gave well-fused, glistening resi- 
dues. The 2 bright inferior coking coals 
(82.4 and 84.4 percent carbon) yielded 
strong residues in which the individual coal 
particles had coalesced, but their shapes 
were still apparent. The 3 bright coals con- 
taining 81.6, 79.9, and 78.9 percent carbon, 
respectively, yielded weak residues with 
decreasing coherency in the order given. 
The 3 samples of “hards” (durains) with 

48 Slater, F., Fuel, '6, 82-4 (1927). 

49 Gray T., and King, J. G., Dept. Sci. Ind. 
Research ( Brit .), Fuel Research Tech. Paper 1 
(1921), 13 pp. 

so Bradley, G. W. J., and Mott, R. A., Trans . 
Inst. Mining Engrs. (London), 76, 200-14 

(1928-9) ; Colliery Guardian, 137, 2457-60 

(1928), 



182 


PLASTIC PROPERTIES OF COALS 


carbon percentages of 88.4, 87.1, and 83.8 
yielded strong residues in which the par- 
ticles had coalesced, but their shapes were 
still evident. .An almost entirely coherent 
residue was obtained from durain contain- 
ing 83.3 percent carbon, whereas residues 
from durains containing 81.7 and 81.6 per- 
cent carbon were entirely noncoherent. 

A study of the above results shows that 
the swelling and coherency of the residues 
decreased almost linearly with decreasing 
carbon content. In coke formation from 
crushed particles of coal, wetting phe- 
nomena would appear to have great im- 
portance. Coals that do not furnish much 
or suitable wetting liquids do not make 
strong cokes. 

Mott and Shimmura 16 carried out tests 
on moderate and inferior coking coals 
crushed to the same size and coked in cast- 
iron capsules similar to those used by 
Mott. 14 Heating conditions, however, 
were different. The charged capsules were 
heated in an inert atmosphere at a rate 
of 1° C per minute to 600° C, and then 
the temperature was raised rapidly to 
900° C. The coals tested were the same 
series of 9 “brights” and 5 “hards,” used 
in the 1-inch cube tests (see page 170). 
For the bright coals, only the one of low- 
est carbon content (82.1 percent, pure-coal 
basis) retained the shape of the original 
coal particles in the coke residue; in all 
others, the particles had coalesced to give 
a more or less uniform coke residue. Four 
bright coals with carbon contents between 
84.3 and 85.2 percent had swollen to the 
limit possible in the capsule, and their 
black, lustrous cokes apparently were 
strongly fused. One bright coal containing 
84.3 percent carbon did not swell but pro- 
duced an apparently strong coke whose 
color was intermediate between black and 
gray. Three bright coals with carbon con- 
tent between 82.9 and 83.7 percent showed 


less swelling than higher-carbon coals, and 
apparently gave strong, gray cokes. The 
bright coal of lowest (82.1 percent) carbon 
content gave no appearance of fusion. 
The particles were bound together without 
losing their shape and were gray in color. 
The 5 “hards” (durains) gave residues 
much like that of the bright coal contain- 
ing 82.1 percent carbon. 

Lambris 51 discussed in minute detail a 
large number of the crucible tests and 
swelling tests on coal under an applied 
load. He pointed out that the results ob- 
tained by such methods usually were not 
comparable among themselves and never 
showed the maximum possible degree of 
swelling of a coal, because the manner of 
heating permitted a crust of coke to form 
around the noncoked portion of the coal 
sample and thus prevented its further ex- 
pansion. Lambris determined the maxi- 
mum degree of swelling of coal by placing 
the sample above an insulating layer of 
kieselguhr in a platinum crucible and heat- 
ing at 900° C without a cover. A coke 
film quickly formed on the top of the coal 
and acted as an insulator but did not pre- 
vent expansion, because the coal was heated 
further only from the sides. The degree of 
swelling was found to be inversely propor- 
tional to the heat conductivity of the 
kieselguhr and of other materials tried. 
Swelling was enhanced by the use of very 
fine coal. 

Lambris believed that under the condi- 
tions of this test maximum swelling of the 
coal took place, because complete en- 
closure of the coking mass by coke shells 
was prevented until all the constituents of 
the coal responsible for the swelling had 
been completely carbonized. The method 
was claimed to be capable of exact dupli- 
cation and to permit the determination of 

si Lambris, G., Brennstoff-Ghem 9, 341-6 
(1928), ID, 44—50, 66-7 (1929). 



AGGLOMERATING INDEX OF COAL 


183 


the exact degree of swelling. No conclu- 
sions can be drawn from this measurement 
of swelling as to the expansive force, coke 
yield, or after shrinkage of the coke. In 
the body of his paper, Lambris explained 
in detail his conception of (free) swelling 
but unfortunately used the term “Treiben” 
in the sense of the term “Blahen .” The 
careful distinction in meaning between 
these two terms made by Damm 3 had 
apparently been overlooked. Lambris in 
a note at the end of the second part of 
his paper and in his reply to Damm agreed 
to the substitution of the word “Blahen” 
for “Treiben” throughout the body of his 
paper. 

Cummings and Ivison 52 measured the 
apparent volume of coke produced from 1 
gram of coal heated for various times up 
to 7 minutes in a furnace maintained at 
960° C. The maximum volume was ob- 
tained after 1.5 or 2 minutes of heating. 

Test conditions in the six investigations 
just reviewed were widely diversified. 
These tests lack standardization, and the 
results obtained do not differentiate quanti- 
tatively between different coals. In recent 
years the widely used coke-button grad- 
ings made from residues left in the crucible 
after the standard volatile-matter deter- 
mination have been of great value in 
classifying coals for various purposes. 
This test has recently b'een designated the 
“agglomerating test.” 

AGGLOMERATING INDEX OF COAL 

The “agglomerating index” is a grading 
index based on the nature of the residue 
from a 1-gram sample of coal when heated 
at 950° =t 20° C in the A.S.T.M. standard 
volatile-matter determination. The coke 
residues from various coals or blends are 
quite different in physical structure and 

52 Cummings, G. T., and Ivison, N. J., Fuel , 
15, 162-4 (1936). 


color. Beginning in 1934 with the excel- 
lent work of Gilmore, Connell, and Ni- 
colls, 53 intensive studies have been made of 
the nature of these residues in relation to 
other tests for evaluating the agglutinating 
and agglomerating characteristics and also 
to the general commercial coking proper- 
ties of individual coals or blends. The 
residue, after removal from the platinum 
crucible, is graded in comparison with 
standard buttons from coals whose charac- 
teristics are known. These authors pro- 
posed the use of the agglomerating index 
for indicating the dividing line between 
noncaking coals and those having weakly 
caking properties. 

The agglomerating index has been 
adopted as a requisite physical property 
to differentiate semianthracite from low- 
volatile bituminous coal and also high-vola- 
tile C bituminous coal from subbituminous 
A coal. 54 All coals analyzed by the U. S. 
Bureau of Mines since November 15, 1934, 
have been classified according to agglom- 
erating properties in accordance with 
Table I. 

Barkley and Burdick 55 pointed out that 
the agglomerating index is useful in dif- 
ferentiating those coals that, according to 
their analyses, would fall into a bordering 
group inconsistent with their agglomerat- 
ing properties. From the standpoint of 
the caking action of coal in coal-burning 
equipment the agglomerating index has 
some interest. For example, coals having 
indexes (see Table I) NAa or NAb, such 
as anthracites or semianthracites, certainly 
do not give any trouble - from caking, 

53 Gilmore, R. E., Connell, G. P., and Nieolls, 
J. H. H., Trans . Am. Inst. Mining Met. Engrs., 
10S, 255-66 (1934). 

54 Am. Soc. Testing Materials Standards, 1939, 
Pt. Ill, 1-6 (D388-38). Am. Standard M20.1, 
1938. 

55 Barkley, J. F., and Burdick, L. R., U. S. 
Bur. Mines, Repts. Investigations 3424 (1938), 

8 pp. 
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Agglomerating and Caking Properties of Coals Based upon Examination of Residue 
Incident to the Volatile -Matter Determination * 


Designation 

Class Group 

Nonagglomerating t (button 
shows no swelling or cell 

structure and will not sup- \-NA - Nonagglomerate 
port a 500-gram weight 
without pulverizing) 


Appearance of Residue from 
Standard Method for Deter- 
mination of Volatile Matter in 
Coal 

" NAa — Noncoherent residue 
NAb — Coke button shows no 
swelling or cell structure and 
■s after careful removal from the 
crucible will pulverize under 
a 500-gram weight carefully 
^ lowered on button 


A — Agglomerate (button du 1 
black, sintered, shows n ) 
swelling or cell structur ,- 
will support a 500-gra] 1 
weight without pulverizing ) 


Aw — Weak agglomerate (but- 
tons come out of crucible in 
more than 1 piece) 

Af — Firm agglomerate (buttons 
come out of crucible in 1 
piece) 


Agglomerating f (button shows 
swelling or cell structure or 
will support a 500-gram 
weight without pulverizing) 


C — Caking (button shows] 

swelling or cell structure) 1 


r Cp — Poor caking (button shows 
slight swelling with small cells; 
has slight gray luster) 

Cf — Fair caking (button shows 
medium swelling and good cell 
structure; has characteristic 
metallic luster) 

Cg — Good caking (button shows 
strong swelling and pro- 
nounced cell structure with 
numerous large cells and 

cavities; has characteristic 
s. metallic luster) 


* Based upon ref. 53. 

f Agglomerating index — coals that in the volatile-matter determination produce either an agglom- 
erate button that will support a 500-gram weight without pulverizing or a button showing swelling 
or cell structure shall be considered agglomerating from the standpoint of classification. 


whereas those with the Cg indexes include 
heavy caking coals. Fuel-bed observation 
of 26 coals, all with an index of Cg, were 
made in coal-burning equipment, includ- 
ing hand-fired grates and various types of 
stokers. The study showed that the ag- 
glomerating index does not give specific 
but only general or broad information on 
the caking action of coal in furnaces. The 


method of defining the caking was that- 
used by Barkley and Burdick in an earlier 
paper 46 that attempted the correlation of 
laboratory agglutinating values with the 
caking action of coal in the furnace. 

Extensive experience by workers in the 
Canadian Bureau of Mines with the grad- 
ing of coke buttons from the standard vola- 
tile-matter determination at 950° C showed 
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that these gradings indicate only general 
commercial coking properties. It was ob- 
served that the grayish, cokelike appear- 
ance of the buttons became more pro- 
nounced as swelling increased and that for 
the same, grading the swelling of the coke 
button might vary considerably. Gilmore, 
Connell, and Nicolls 53 claimed, therefore, 
that the evaluation of a coal or blend by 
means of the “swelling index” determined 
on the coke button when carbonized at 
600° C as described by Swartzman, Bur- 
rough, and Strong 56 is important and nec- 
essary as a supplement to the coke-button 
gradings. 

With virtually all coking coals the plastic 
stage has been passed at about 500° C. 
During this stage different coals evolve 
varying amounts of volatile matter and 
show varying degrees of swelling. How- 
ever, the quality of coke produced at 
500° C does not show close correlation 
either with swelling, with quantity of vola- 
tile matter evolved, or with residual vola- 
tile matter found at this temperature. Be- 
tween 500 and 600° C greater thermal de- 
composition of the coal takes place, and 
shortly above 600° C all the tar has been 
evolved. Hence, it was believed by 
Swartzman, Burrough, and Strong that 
600° C is a more critical temperature with 
respect to resultant coke quality than any 
other, and that the relationship between 
swelling and volatile matter at 600° C 
should afford a reliable prediction of the 
quality of commercial coke to be expected 
from different coking coals. 

To check this conclusion, the volatile 
matter evolved from 86 coals at 600° C, as 
well as at 500 and 950° C, and the volumes 
of the resultant coke buttons were deter- 

56 Swartzman, E. t Burrougk, E. J., and Strong, 
R. A., Can. Dept. Mines , Mines Branch, No. 737—2 
(1933), 24 pp. ; Invest. Fuels Fuel Testing , No. 
737# 36—57 (1934). 


mined. Marked variations were observed 
in the volume of the buttons for the same 
coal or blend for the three temperatures, 
500, 600, and 950° C. The arrangement of 
coals tested at 600° C did not always dif- 
ferentiate sharply among the various types 
of coals. In some instances, two coals 
yielding different quantities of volatile mat- 
ter gave coke buttons of equal volume. 
This fact indicated that the coal giving the 
smaller quantity of volatile matter must 
have greater swelling pow T er than the coal 
yielding the larger quantity of volatile 
matter. The data were calculated, there- 
fore, in terms of “swelling indexes.” Cal- 
culation of the “swelling index” was based 
upon the assumption that the average vol- 
ume of 1 gram of finely ground coal is 2 
cubic centimeters, from which 

Percentage swelling = [(Volume of button 
in cc~2 cc)/2 cc] 
X100 

and 

Swelling index = [Percentage swelling -f- 
Percentage volatile 
matter (dry basis)] X 
100 

The volatile-matter contents, dry basis, 
of 86 coals and blends of coals upon which 
byproduct coke data were available were 
plotted against the swelling indexes of 
these coals. Coals or coal blends used for 
the production of coke of similar quality 
■were found to fall into groups in different 
sections of the diagram. Figure 4, repro- 
duced from the paper by Swartzman, Bur- 
rough, and Strong, 56 shows thirteen sec- 
tions defined by certain limits of the dry 
volatile-matter content and swelling index 
at 600° C. The portion of Section IV in 
Figure 4 between the swelling indexes of 
650 and 900 may be considered the criti- 
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cal region for byproduct cokes. From this 
region the physical properties of this type 
of coke diverge continuously in three di- 
rections through the sections in either de- 
creasing or increasing magnitude. The di- 
rection of the change in the physical prop- 
erties of the cokes is shown by the three 
curved arrows radiating from Section IV. 
For more detailed data on the coals and 


coal blends whose properties are such that 
byproduct cokes of the described charac- 
teristics may be expected, the original 
paper should be consulted. 

The British Standards Institution 57 has 
modified the “swelling number” test de- 
vised by the Research Section of the 

57 British Standards Institution, Pub. Dept., 
No. 804 (1938), 17 pp. 
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Fig. 4. Physical properties of cokes based on percent of dry volatile matter and swelling index 
of coals at 600° C. 08 
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WoodaH-Duckham Companies. 58 The spe- 
cial value of the modified test lies in the 
use of a crucible of special shape, of a 
leveled coal surface, and of standardized 
unidirectional heating by means of a gas 
flame, to produce a coke button of regular 
shape, which can be simply assessed by 
comparison with standard profile outlines. 
The mean value of four tests on the same 
coal sample is stated to be correct within 
±1 unit in 99 out of 100 cases and within 
±0.5 unit in 80 out of 100 cases. 

Following these specifications, the swell- 
ing number of the button is the number of 
the standard profile outline that most 
nearly matches the largest profile of the 
button. Fourteen standard profile out- 
lines of different shapes and heights, whose 
increasing areas are numbered from 1 to 9 
in units of 0.5, permit close comparison. 
The mean swelling number of the four but- 
tons, expressed to the nearest half unit, is 
reported. If a powder is obtained, or if 
the button is nonswollen (swelling number 
1) and will not bear, without crumbling, a 
500-gram weight, the coal is described as 
“nonagglomerating.” If such a button 
merely cracks into a few firm pieces, it is 
called “agglomerating,” as are all the swol- 
len buttons. 

The relationship between the B.S.L cru- 
cible swelling numbers and the carbon and 
hydrogen contents (Parr unit coal basis) 
may be expressed by the equation: 

Swelling number = 

1.4 ± (I? -4.0) [(C-94) + liter -4.0)] 

When the swelling numbers are plotted 
against the percentages of carbon a series 
of straight lines representing different hy- 
drogen contents may be drawn in the 
diagram. These isohydrogen lines, if ex- 

58 Smith, E. W. Finlayson, T. C., Spiers, H. 
M., and Townend, F. S., Gas J., 172, 3-16 
(1925) (Coke Competition No.). 


tended, would meet at a swelling number 
of 15 and a carbon content of 94 percent. 
The diagram indicates that no coal con- 
taining less than 4.0 percent hydrogen 
(Parr basis) will swell in the B.S.I. cru- 
cible test and that coals with less than 78 
percent carbon and 5.45 percent hydrogen 
would give a negative swelling number, 
that is, they are noncaking. These indi- 
cations agree with practical experience 
with such coals. The crucible test is 
claimed to be useful, especially for coals 
of low swelling power, such as coals con- 
taining less than 82.5 percent carbon, and 
high-rank coals of low hydrogen content, 
but may fail to distinguish the swelling 
power of coals with a carbon content of 87 
to 91 percent. A wider range of swelling 
numbers than the 9 classes, each with a 
half unit of swelling from 5 to 9, into 
which the coking coals have been divided, 
is desirable. The rapid rate of heating 
causes some coals to agglomerate that 
would not do so in normal coke-oven oper- 
ation. Any predictions from B.S.I. swell- 
ing numbers as to which coals, particularly 
those of lower carbon content, can be used 
for coke-making are of doubtful value. 

LARGE-SCALE BOX! AND MXJFFLE TESTS 

Koppers 7 muffle test, 59 developed about 
1906, employed a sheet metal box of the 
same width as that of a commercial coke 
oven. The box was divided by a riveted 
partition into two unequal-size compart- 
ments. The larger chamber was charged 
with a given amount of coal of known bulk 
density. The box was placed in the oven, 
which was then charged in the usual man- 
ner. During coking the swelling coal 
pressed against the partition wall, shearing 
the rivets, and the expanded portion ex- 
tended into the empty compartment of the 

59 Hoppers, H., and Jenkner, A., GlucTcauf, 67, 
353-62 (1931) ; Fuel, 10, 232-9, 273-7 
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box. The differences in coking capacity of 
various coals could be observed clearly. 

In the Otto Company clay muffle 
test, 60 ' 61 a uniformly packed coal sample 
was coked in a fire-clay mufile which had 
been preheated to 900 to 1,000° C. The 
relative expansion of different coals was 
detected from relative bulging of the muf- 
fles; highly expanding coals caused the 
muffles to burst. An accurate differentia- 
tion of individual coals was not possible by 
this method. A coal containing different 
moisture contents in three tests — (a) dry, 
(b) 8.0 percent, and (c) 17.1 percent- 
showed no expansion in {b) but caused the 
muffles to burst in (a) and (c). 

In the Waldenburg muffle test, 61 * 62 de- 
veloped in 1926 by Kruger and Arenfeld, 
the clay crucibles used originally were shat- 
tered almost regularly by the high expan- 
sion pressures developed by many of the 
blends of coals used by this company. 
To meet this objection, the Waldenburg 
muffle was constructed of 1-millimeter 
thick sheet iron, which during the coking 
test bulged to a greater or less degree and 
thus indicated the magnitude of the ex- 
pansion pressure of the coal. The charged 
muffle was placed in an electric Bahr 63 
oven, which had been preheated to 900° C 
at its center. A temperature of 900° C was 
maintained for an hour. To avoid ashing 
of the coke surface the muffle and contents 
were allowed to cool in the oven. Expan- 
sion of the coal was found to be inde- 
pendent of, and shrinkage dependent on, 
the time of heating. Expanding coals 
strongly bulged the walls of the muffle. 

so Baum, K., Gluckauf, 66, 185-91 (1930) ; 
Fuel , 9, 492-4 (1980). 

. 6i Baum, K., and Heuser, P., Gluckauf , 66, 
1497-1502, 1538-44 (1930) ; Fuel, 10, 51-64 
(1931). 

62 Hofmeister, B., Gluckauf , 66, 325-32, 365-72 
(1930) ; Arch. Eisenhuttenw 3, 559-69 (1930). 

63 BS.hr, H., Brennstoff-Chem 5, 365-71, 384-8 
(1924). 


The extent of shrinkage could be judged 
from the amount of contraction of the coke 
away from the walls of the muffle. This 
method, like the crucible test, gave no nu- 
merical data but, presupposing enough ex- 
perience, provided useful results for in- 
dustry. 

Hofmeister 62 compared the results of 
the Waldenburg muffle test on 9 coals, 
whose volatile content ranged from 19.3 
to 26.8 percent, with the expansion pres- 
sure curves as determined by the Korten- 
Damm apparatus. 3 Fair correlations were 
found between the magnitude of bulging of 
the muffle and the expansion pressure and 
between the shrinking of the coke away 
from the muffle walls and the percentage 
of shrinkage shown by the expansion-pres- 
sure curve. 

Broche and Nedelmann 64 coked separ- 
ately 60-kilogram samples of bright and 
dull coals, each in steel boxes, for 24 hours 
at a wall temperature of 1,000° C. The 
bright coal gave an excellently fused silver- 
gray coke, fine-grained in structure. The 
coke from the dull coal was not fused and 
was in the form of large, comparatively 
friable, dark gray lumps, in which the indi- 
vidual coal grains could still be detected. 

Hoehne 65 made box tests of coals from 
the Lower Silesian, Westphalian, Saarland, 
Saxony, and Upper Silesian districts. The 
coal charge in the individual tests was kept 
constant in respect to moisture content, 
grain size, ash content, and carbonizing 
time. The strength of the coke made in 
the box tests, as determined by the “stand- 
ard trommel” test, was always about 2 to 3 
percent lower than that of the correspond- 
ing coke taken directly from the oven 
chamber. 

64 Broche, H., and Nedelmann, H., Gluckauf, 
68, 769-79 (1932). 

65 Hoehne, K., Gluckauf, 75, 941-5 (1939). 
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Dilatometer and Penetrometer Test 
Methods — Coal under “No Load” 
or Known Added Load 

By the term ‘load” is understood a 
weight added to the part of the apparatus 
normally bearing on the top of the coal 
charge. The dilatometer and penetrom- 
eter test methods employ somewhat the 
same test principle. The dilatometer (or 
laboratory “expansion”) method uses a 
piston whose upward and downward move- 
ments during the test are measured, where- 
as the penetrometer method employs a 
needle or wire loop whose depth of pene- 
tration into the softened, heated coal 
charge is determined. In the dilatometer 
test the expansion (or contraction) of the 
heated coal charge is indicated by the ver- 
tical displacement of the superimposed pis- 
ton; in the penetrometer test the softening 
of the coal mass is judged from the depth 
of penetration of the needle. The chief dif- 
ferences between test results obtained by 
the two methods arise from effects caused 
by the relative cross-sectional areas of the 
parts of the apparatus that bear on the 
coal sample. Depending upon the particu- 
lar original or modified dilatometer test 
method concerned, the piston head super- 
imposed upon the coal sample may have 
the same or different shape, and also the 
same, a larger, or a smaller cross-sectional 
area than that of the top of the coal 
charge; its end may be either flat or 
rounded, and it may be counterbalanced or 
under a constant or variable load during 
the test. At high pressure or with the 
more fluid coals the dilatometer piston 
head may even penetrate the softened coal, 
similar in some degree to what is observed 
with or without a loaded needle or wire 
loop in the penetrometer test method. 
Sharp distinctions between the principles 
of operation in the two methods, therefore, 


cannot always be made. These two test 
methods do not measure the actual magni- 
tude of the pressure or stress developed in 
the heated coal mass during its carboniza- 
tion. 

DILATOMETER TEST METHODS 

Publications describing original, modi- 
fied, or adapted dilatometer methods show 
a wide diversity in the details of the con- 
struction of the apparatus and in the test 
procedures. Lessing 13 devised the first 
dilatometer method for determining swell- 
ing of coal during heating that allowed 
more accurate observation than was pos- 
sible by coking in a crucible test. His 
original apparatus consisted of a coal tube 
encased in a similarly shaped quartz re- 
tort tube, which was held vertically and 
heated electrically by an outside winding 
of platinum resistance wire. A fiat-bottom 
quartz piston tube fitted loosely inside the 
coal tube and slightly compressed the coal 
sample. A constant or variable load, as 
desired for the particular test, was ob- 
tained by introducing various amounts of 
quartz powder into the piston tube or by 
changing its length. Generally, how r ever, 
a constant load was used throughout a 
given test. Lessing observed that “higher 
pressure tended to form more swelled coke 
than the lower pressure.” Twenty differ- 
ent samples of coal w r ere tested, apparently 
heated to 900° C in 5 to 7 minutes. Lam- 
bris 51 stated that the method was objec- 
tionable, for a complete interpretation of 
the results, because the ratios of volume of 
coke to volume of coal must be determined. 

Further studies were made by Lessing 66 

66 Lessing, R., J. Gas Lighting, 11S, 855-61 
(1912) ; Trans. Inst. Gas Engrs ., 10, 242-55 
(1912) ; Iron & Coal Trades Rev., S4, 1034-5 
(1912) ; Gas World, 56, 842-9 (1912) ; Orig. 
Com. 8th Intern. Congr . Applied Chem., 10, 195-8 
(1912), 27, 78 (1912) ; Trans . J. Chem. Soc., 
117, Pt. 1, 247-56 (1920) ; Fuel, 2, 152-5, 186- 
90 (1923). 
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upon such factors as: (a) different mesh 
sizes of coal; (6) duplicate heating tubes, 
one for temperature measurements by a 
thermocouple, the other with a side neck 
at different heights to permit collection 
and study of the volatile products of dis- 
tillation; (c) adjustable silica supports to 
move the heated assembly to different de- 
sired heights in the electric furnace; and 
(d) diff erent end temperatures and total 
heating periods. 

Sehreiber 67 has also followed the princi- 
ple of Lessing. Real distinction in the ex- 
panding properties of 7 coals and blends 
tested could not be made because of the 
very small displacement of the weighted 
iron piston measured in millimeters. 

Charpy and Durand 68 made a small cyl- 
inder of finely ground coal moistened with 
water. The briquet was dried at 105° C 
and placed in a vertical glass tube of 
slightly larger diameter. A glass rod, 
whose top end was drawn out and bent at 
a right angle to act as a pointer before a 
scale, was superimposed on the top end of 
the briquet. The contraction or expansion 
of the coal cylinder was observed as a func- 
tion of temperature. The coal cylinder first 
showed a progressive contraction up to a 
maximum. Softening of the coal cylinder 
completely filled the annular space in the 
glass tube. The authors defined this 
“maximum initial contraction” as the 
“fusion temperature” of the coal. The 
sample next showed an apparent increase 
in volume, sometimes very large, due to 
the formation of gas bubbles within the 
melted mass; and, finally, this increase was 
followed by a second contraction with the 
formation of coke. Eight French coals 
were tested. The fusion point was found 

67 Sehreiber, P., Stahl u. Eisen, 40, 1278-9 
(1920). 

68 Charpy, G., and Durand, J., Compt. rend 
171, 1358-60 (1920). 


to be independent of the volatile-matter 
content or other constituent of the prox- 
imate analysis and was characteristic for 
each coal. The fusibility, as well as the 
capacity for coking, was observed to be 
directly related to the state of oxidation; 
coals oxidized at 120° C could no longer 
be fused. 

Audibert 69 compressed powdered coal, 
moistened with water, to a uniform density 
in a steel mold to form a truncated cone. 
The briquet was placed in a cylindrical 
copper or iron tube of slightly larger di- 
ameter, which was supported vertically in 
a lead or salt bath. A counterpoised glass 
rod rested on top of the briquet. The top 
of the rod formed a pointer, which moved 
before a scale. For a given weight of coal 
and fixed values of the diameters of the 
coal cylinder and the dilatometer tube, the 
change in shape of the heated coal was 
found to depend on the rate of heating. 
Tests were carried out according to two 
heating programs: (a) sudden or rapid 
heating in which the dilatometer assembly 
containing the coal was plunged into the 
preheated bath at selected temperatures 
ranging from 370 to 600° C, and then this 
selected temperature T was maintained for 
the test; and (b) progressive heating at 
definite rates, from % to 3° C per minute. 

The results from program (a) were plot- 
ted, using as abscissas the time in minutes 
from the instant of immersion of the dila- 
tometer assembly, and as ordinates the ver- 
tical displacements of the pointer, ex- 
pressed as percentages of the initial length 
of the coal cylinder. The family of curves 
obtained for the different selected tempera- 
tures showed the same general character- 

69 Audibert, E., Rev. ind, minGrale , 6, Pt. 1, 
No. 126, 115-36 (1926) ; Fuel , , 5, 229-44 (1926), 
6, 185 (1927). Audibert, E., and Delmas, D., 
Rev . ind. mintrale, 7 , Pt. 1, No. 145, 1-22 
(1927) ; Fuel, 6, 131-40, 182-9 (1927), correc- 
tion, both references, Fuel, 8, 232-3 (1929). 
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istics. At all temperatures below a certain 
value T r , the temperature at which melt- 
ing began with rapid heating, or “softening 
point,” the pointer remained motionless. 
For all temperatures between T r and T g , 
a higher second temperature above which 
rapid heating caused an expansion or ap- 
parent increase in volume of the coal, desig- 
nated the “intumescence point,” the pointer 
moved downward. The “intumescence” 
was caused by the formation within the 
mass of heated coal of a very large num- 
ber of small gas bubbles. The ratio, C T} 
of the total downward movement to the 
initial length of the coal cylinder increased 
with temperature throughout the tempera- 
ture interval T r to T g for a given coal and 
a given size dilatometer tube. When the 
temperature of the bath was above T g , the 
pointer at first descended but later rose, 
the amplitude of the upward movement in- 
creasing with temperature. At tempera- 
tures very little above T g , the pointer came 
back to a level well above its initial posi- 
tion. 

When a coal was heated rapidly to a 
temperature between T r and T g: the value 
of C T , as defined above, depended on the 
value of the ratio of the diameter of the 
coal cylinder to the inside diameter of the 
dilatometer tube. When the coal cylin- 
der fitted the tube exactly, C T had a very 
low value, regardless of temperature. With 
increasing differences in diameter, the value 
of C T increased with the volume of the an- 
nular space between the coal and the tube. 
For temperatures just below T g the value 
of C T corresponded to a volume of tube not 
appreciably different from the volume of 
coal. These observations meant that the 
coal, when heated to such temperatures, 
was fluid enough to fill, by the action of 
gravity, the empty space between the coal 
and the walls of the dilatometer tube. 
That the coal did not undergo a sharp 


fusion was indicated by the increase with 
the temperature T of the relative depres- 
sion Cj r, observed at different temperatures 
with the same coal and the same apparatus. 

Between the temperature T g} as defined 
above, and another temperature T s , always 
below 600° C, the apparent increase in vol- 
ume of the heated coal mass became greater 
as the temperature to which the coal was 
rapidly heated was increased. A coal 
heated rapidly to or above this tempera- 
ture T s and then cooled could not be melted 
again, no matter what the aftertreatment. 
This solidification temperature T s might 
even lie between T r and T g) if the coal had 
been maintained long enough between 
these temperatures. The time required 
ranged from less than 1 hour up to 120 
hours for 12 coals tested. Under such con- 
ditions, the coal would ultimately solidify 
even if the temperature was never allowed 
to fall below the initial softening tempera- 
ture T r . With rapid heating of 24 differ- 
ent coals, the temperatures T r and T g 
varied, within wide limits, from 325 to 
450° C for T r and from 375 to 500° C for 
T g . No simple relationship was observed 
between these temperatures and the 
chemical composition as determined by the 
usual methods. 

As stated above, the coal once melted 
and resolidified could not be remelted, no 
matter what the aftertreatment, even if 
the temperature was brought up to and 
maintained above T r . “In other words, 
the fusion is of a transient nature, the 
duration of which is inherently limited.” 
This transient fusion of coal was compared 
to that of chemical substances, such as 
potassium chlorate or sulfur, both of which 
undergo a change on heating into more re- 
fractory products. Similarly, by the 
action of heat, coal undergoes chemical 
changes, the exact nature of which is un- 
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known, and gives a new mixture of residual 
products of higher melting point. 

By progressive heating (program b) it 
was found that with like heating rates the 
thermal decomposition point T p may be 
below the softening point T r for some coals 
and above T r for other coals. Audibert 
designated the latter as first-class coals. 
For such coals, the softening points and the 
intumescence points obtained by progres- 
sive heating at 1° C per minute were 25° C 
lower, on the average, than similar points 
obtained by rapid heating. 

Davies and Wheeler 70 repeated the 
work of Audibert, by the same test method 
and with some of the same coals. Particu- 
lar attention was paid to the reactions be- 
tween the fusible and nonfusible portions 
of the coals. Davies and Wheeler, in con- 
trast to the results of Audibert, found: (1) 
at all bath temperatures below the soften- 
ing temperature of the coal T r , the pointer 
remained motionless; (2) at all tempera- 
tures between T r and the higher intumes- 
cence temperature T g the pointer moved 
downward and continued to do so for some 
time; and (3) at temperatures higher than 
Tg the pointer first ascended and then de- 
scended. Davies and Wheeler concluded 
that, if the coal had melted and flowed by 
gravity to fill the tube completely as stated 
by Audibert for complete “melting” of the 
coal, “the percentage contractions should 
increase progressively with increased dif- 
ference between the diameter of the coal 
pellet and that of the tube.” Their tests 
on 5 coals used by Audibert showed that 
no one of these coals contracted enough to 
reach the theoretical value of 54 percent 
contraction necessary with the size of pel- 
let and tube employed, even if the coals 
had melted and flowed so as to fill the tube 
completely. They believed that “the re- 

70 Davies, R. G., and Wheeler, R. V., Fuel , 10, 
100-8 (1931). 


suits obtained by Audibert, from which he 
deduced complete fluidity of the coal pel- 
lets on heating, appear to have been due 
to the accidental choice of dimensions of 
the pellets and dilatometer tubes, the coals 
becoming sufficiently plastic to flow a short 
distance under load.” In answer to these 
findings, Audibert, 71 calling attention to his 
publication 72 in which he made definite 
reservations of his earlier view 69 on the 
complete “melting” of coal, stated: “In 
short, I ignore the problem as to whether 
the fusion of coal is complete or whether 
it is only partial.” 

Arnu 73 used the dilatometer method of 
Audibert and Delmas. 69 Since the briquet 
average diameter of 6.5 millimeters was 
smaller than that of the tube, the piston 
fell when the coal fused. On the assump- 
tion that the apparent volume of the 
melted mass was equal to that of the origi- 
nal coal briquet, the theoretical height of 
the fall of the piston would have been 34 
percent of the initial height of the briquet. 
In general, a contraction less than this 
was obtained. The change in length of the 
coal during heating as shown by the move- 
ment of the piston gave observations simi- 
lar to those made by Charpy and Du- 
rand. 70 The percent changes in volume 
(length) were plotted against temperatures, 
and from the curves obtained the melting 
and solidifying points of different coal were 
determined. Arnu 74 later modified his 
procedure to use a cylindrical pellet of 
coal instead of the truncated cone of the 
same average diameter. 

71 Audibert, E., Fuel , 10, 189-90 (1931). 

72 Audibert, E., Rev . ind. minirale, 9, Pt. 1, 
No. 194, 151-87 (1929) ; Fuel, 8, 225-43 (1929). 

73 Arnu, C., Rev. ind. minirale, 13, No. 296, 
155-73 (1933) ; J. usines gaz, 57, 512-19, 541-8 
(1933) ; Chaleur et ind., 15, No. 167, 278-96 
(1934). 

74 Arnu, C., Chimie <6 Industrie, 32, Nos. 2-3, 
276-92, 530-40 (1934). 
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Pieters, Koopmans, and Hovers 75 deter- 
mined the softening temperatures and 
swelling properties of coking coals by a 
modification of the dilatometer method of 
Audibert. A double-hole furnace enabled 
determinations to be made in duplicate. 
A coal which did not swell under the test 
conditions was not considered suitable for 
metallurgical purposes. Good coking coals 
showed a swelling of 50 to 150 percent. 

Cassan 76 recognized the complications 
arising in test methods that used coal pel- 
lets possessing some voids. Accordingly, 
he compressed his coal samples to maxi- 
mum density. The charged retort was 
heated in an electric tube furnace, encased 
in a polished nickel-brass jacket to mini- 
mize heat losses. The furnace could be 
regulated to give heating rates of 10, 5, 2, 
or 1° C per minute from 350 to 500° C. 
The 2° C per minute rate was considered 
standard. Swelling curves showing ex- 
pansions, expressed as percentage of the 
initial coal volume, were plotted as ordi- 
nates against degrees Centigrade as abscis- 
sas. 

Cassan also studied the fusion of loosely 
packed coal. Results similar to those of 
Audibert and Delmas 69 and of Arnu 7S > 74 
were obtained for the beginning of fusion, 
but, in addition, there also were observed 
a phase of relative fluidity and a second 
sinking of the piston, subsequent to the 
first swelling. These results were plotted 
in like units on the same diagrams giving 
the swelling curves as determined for the 
densely compressed briquets. Differences 
in the courses of the two sets of curves 
were explained in terms of the effects of 
voids in the coal samples used for the 

75 Pieters, H. A. J., Koopmans, H., and Hovers, 
J., Congr. intern, mines, mit. giol. appl 7th 
Sess ., Paris , 1935, Mines Sect., 2, 496-506 ; Rev. 
ind. minirale, 16, No. 376, 880-90 (1936). 

76 Cassan, H., Ghaleur et ind., 16, 495-508 
(1935) ; J. usines gaz, 60, 145-57 (1936). 


fusion-curve determinations. Mathemati- 
cal treatment of the data obtained in the 
two types of test and of the values for real 
and apparent densities of the coals gave a 
rough criterion for estimating the results 
to be expected in practice, particularly in 
the correct choice of blends for coking. 

Chandesris 77 employed the method of 
Audibert in a study of Saar coals. The 
heating rate used was 5° C per minute up 
to 325° C and 2° C per minute from 325 to 
500° C. Curves constructed according to 
those of Audibert and Delmas showed that : 
(1) coals with sufficient expansion after 
melting as a rule gave a satisfactory caked 
coke; (2) partly melted coals w r ith feeble 
expansion have doubtful coking value; and 
(3) coals that do not expand during heat- 
ing, in general, do not produce a caked 
coke. 

It w r as suggested that the tests be re- 
peated at lower heating rates, for example, 
1 or 1.5° C per minute, to determine the 
heat-sensitive properties of the coals in 
relation to their plasticity. The beginning 
of softening was defined as the tempera- 
ture at which the shrinkage of the test 
briquet amounted to 10 percent, whereas 
the beginning of expansion represented the 
temperature at -which the expansion 
amounted to 10 percent of the original 
length of the test briquet. These tem- 
peratures, together with other important 
temperatures defining the rate of degasifi- 
cation, -were discussed for Saar coals and 
the residues left after their extraction with 
tetralin, or with tetralin and pyridine ex- 
traction, or by treatment with quinoline. 

The Chemical Department of the South 
Metropolitan Gas Company 78 employed a 
dilatometer method similar in principle to 

77 Chandesris, K.., Rev. ind. minirale, 16, Pt. 1, 
No. 361, 1-20, No. 365, 243-78 (1936) ; see also 
Hoffmann, H., GlucJcauf, 73, 219-26 (1937). 

78 South Metropolitan Gas Company, Chem. 
Dept., Fuel, 15, 36-9 (1936). 
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that of Audibert. The apparatus, how- 
ever, permitted simultaneous duplicate de- 
terminations to be made under identical 
test conditions at temperatures above 
600° C. Heating was carried out in a 
drilled block of heat-resisting steel by care- 
fully controlling the gas supply by means 
of an ingeniously devised gas thermostat. 
The vertical displacement of the piston in 
each coal tube was recorded automatically 
by two pens on charts mounted on two 
revolving drums. Presumably, a heating 
rate of 1.67° C per minute was used after 
the bath had been preheated to 350° C. 
Four characteristic temperature points, 
namely, softening or starting temperature, 
intumescence temperature, hardening tem- 
perature, and temperature of aftercontrac- 
tion, were selected from the piston move- 
ment-temperature relationships. The total 
linear expansion observed between the in- 
tumescence and hardening temperatures 
was termed the “swelling index.” The re- 
sults obtained showed but little correla- 
tion with those of actual practice, but the 
apparatus and test method were consid- 
ered preliminary to more refined w r ork. 

Jackson 79 used a vertical, transparent 
silica tube containing a small briquet of 
air-dried coal. Small differences in bri- 
quetting pressures did not affect the re- 
sults. * The tube was encased in an outer 
transparent silica tube, which was wound 
with resistance wire for heating and fixed 
in place by two rows of small pieces of 
silica fused along opposite sides of the 
tube. This wider tube served as a heat 
insulator. A silica or glass rod piston, 
which acted also as an index before a 
scale, rested on top of the briquet. The 
heating rate was controlled at 10° C per 
minute. The test was conducted in vac- 
uum and was completed in 1 hour. All 

79 Jackson, J. A., Gas World , 90, 715-7 
(1929) ; Gas J 186, 863-5 (1929). 


coals tested showed very gradual rates of 
expansion, less than 0.05 inch up to their 
fusion. At the fusion point very sudden 
expansion took place and proceeded rap- 
idly until plasticity ceased. Subsequent 
heating caused gradual shrinkage. Four- 
teen coals, ranging in volatile-matter con- 
tent from 31.5 to 35.7 percent (as-deter- 
mined basis), were tested. The following 
conclusions were drawn: (1) melting points 
and plastic temperature ranges were char- 
acteristic of the coal; (2) standard test 
conditions, in particular, the rate of heat- 
ing, w r ere emphasized to govern the extent 
of the decomposition of the coal prior to 
its fusion; (3) oxidation, if carried far 
enough, rendered the coal nonfusible, al- 
though partial oxidation by exposure to air 
did not affect the fusion point, but re- 
duced the plastic range and the percentage 
of expansion; (4) within limits, variations 
in ash affected the plastic range and the 
percentage of expansion but did not affect 
the fusion point; and (5) coals with short 
plastic ranges were accompanied by low 
expansion and were easily carbonized in 
vertical retorts, whereas those with long 
plastic ranges gave trouble. These observa- 
tions were affected by the size of the coal. 

Bradley and Mott 50 devised the original 
Sheffield laboratory coking test for measur- 
ing softening and swelling temperatures 
and degree of swelling of coal. The swell- 
ing power of the coals tested bore a gen- 
eral relationship to their value for coke- 
making. 

The Sheffield laboratory coking test was 
later “standardized.” so - 81 Readings of 
temperature and plunger movement were 
made at intervals of 5 minutes after a 
temperature of 300° C was reached. The 

so Mott, R. A., and Wheeler, R. V., Trans. Inst. 
Mining Engrs. {London), 84, 29-42 (1932-33) ; 
Colliery Guardian , 145, 797-800 (1932). 

si Davies, R. G., and Mott, R. A., Fuel > 12, 
294-303 (1933). 
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vertical movement of the pointer at the 
temperature of initial contraction of the 
coal charge was less than 0.1 millimeter, 
and in the succeeding 10 minutes it was 
only about 0.25 millimeter. With expe- 
rience this movement could be observed 
without the use of magnification. After 
the first 10 minutes of slight contraction, 
the subsequent movement of the pointer 
was very marked and the direction was 
reversed suddenly at the temperature of 
initial expamion. Final expansion also 
ended suddenly. Near the temperatures of 
initial contraction, initial expansion, and 
final expansion observations were made 
every minute. The authors stated that, 
for the same coal sample, the temperature 
of initial contraction was reproducible to 
3°C; the temperature of initial expansion 
within 1° C; and the temperature of final 
expansion to 3° C. 

Davies and Mott 82 found that the plas- 
ticity of coal, when heated under condi- 
tions of the standardized Sheffield test 
(permitting some expansion), ended at a 
lower temperature than when heated under 
conditions that prevented expansion. For 
example, the plastic range of Two Foot 
Nine Seam coal ended at about 480 and 
520° C, respectively, under the two condi- 
tions of test. 

Lambert 83 used the Sheffield laboratory 
coking test apparatus to study the effect 
of destructive oxidation of coal caused by 
prolonged heating at 105° C in a water- 
jacketed oven. After 24 and 48 hours' 
heating, a strongly coking, highly swelling 
coal ( Gray-Camp redon agglutinating in- 
dex of 23) showed definite increases in the 
temperatures of initial contraction, initial 
expansion, and final expansion. The agglu- 

82 Davies, R. G., and Mott, R. A., Fuel, 12, 
371-82 (1933). 

83 Lambert, J. L., Gas World, 102, No. 2644, 
Coking 8ect., 44-6 (1935) ; Colliery Guardian, 
150, 715-6 (1935). 


tinating index and the percentages of con- 
traction, of total expansion, and of net 
expansion were reduced markedly. A mod- 
erately coking and swelling coal (aggluti- 
nating index of 16) under the same condi- 
tions showed no appreciable changes, except 
for a 5 percent reduction in expansion. 

To study the effects of varying propor- 
tions of ash, tests were made on coals 
before and after the addition of coal-shale 
ash. A series of samples of increasing ash 
content was prepared by adding shale, pre- 
viously burned to ash, to the cleaned coal. 
Test results in the Sheffield apparatus 
showed that contraction was not affected, 
but that the total and net expansions were 
greatly reduced. The data were used to 
adjust the ash content of coking charges 
for blast-furnace coke. More than 100 
tests on South Wales and Monmouthshire 
coals and blends were made. In general, 
the temperatures of initial contraction de- 
creased as the swelling propensities of the 
coal increased. No definite relationship 
was observed between agglutinating index 
and percentage of net expansion . Expand- 
ing coals with carbon content between 88.4 
and 84.9 percent (basis not given) pro- 
duced the best cokes. The carbon-to-hy- 
drogen ratio, between 17 and 19, neared 
the maximum. With two exceptions, coals 
showing less than 25 percent net expansion 
and with an ash content not over 7 per- 
cent, when coked alone, were not satis- 
factory for the production of blast-furnace 
coke. The two exceptions had fairly high 
agglutinating indexes. The coking tests 
were carried out in an experimental coke 
oven similar to that of the Midland Coke 
Research Committee. 

Tests on South Wales coals indicated 
that, where it was not possible to test a 
cleaned sample of coal, an allowance of 12 
percent expansion should be added for 
each 1 percent of ash above 7 percent, 
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the value taken as the works standard. 
For lower-ash coals, a reduction of 12 per- 
cent expansion should be made for each 
1 percent of ash under 7 percent. 

Brooke, Walshaw, and Lee 84 deter- 
mined the swelling power of 25 coking 
slack coals by the standardized Sheffield 
laboratory coking test. The average con- 
traction, average gross expansion, and 
average net expansion values were ex- 
pressed in percentages. The average net 
expansions recorded for some coals were 
not the differences between the correspond- 
ing recorded gross expansions and contrac- 
tions. The authors stated that this was 
due to the fact that particular coals in 
some tests gave a zero figure and in other 
tests a positive figure. Just how they ar- 
rived at the recorded average net expan- 
sion percentages for these coals, however, 
was not evident. Some coals, particularly 
those with zero net swelling index, had 
what the authors called a negative effect 
when mixed with other slacks; that is, the 
resultant swelling figure for a blend of two 
coals may be considerably below the 
mathematical average of those of the two 
individual coals. The difference between 
the calculated and experimental index was 
not so noticeable in strongly swelling slacks 
as in moderately or poorly swelling slacks. 
A general relationship was found between 
the experimental swelling index (percent 
net expansion) of the coal or blend used 
for carbonizing and the shatter index of 
the resultant coke. Considering the fact 
that the coals tested were from 22 dif- 
ferent collieries and that some of these 
slacks were not of suitable quality for the 
production of blast-furnace cokes, the cor- 
relations found were remarkedly good. 

84 Brooke, W. X, Walskaw, H. R. B., and Lee, 
A. W., J. Iron Steel Inst. {London), 134, No. 2, 
287-325P (1936) ; Colliery Guardian , 153, 567- 
70, 620-3 (1936). 


Mott and Spooner 85 recognized the dis- 
advantages of fragility, high cost, delays 
in obtaining spare parts, and unavoidable 
temperature differences between the out- 
side and inside of the standardized appa- 
ratus used in the Sheffield laboratory cok- 
ing test and have improved the construc- 
tion features to overcome these defects. 

Comparative tests of loosely charged 
coal in both silica and steel tubes, each 
heated in an electric furnace at 1° C per 
minute, showed swellings of 92 and 104 
percent, respectively. The softening tem- 
perature of the coal in the steel tube, 
measured outside, was 29° C higher than 
that of coal similarly determined in the 
silica tube. Other characteristic tempera- 
tures also were higher. This steel tube 
was similar to that used by the South 
Metropolitan Gas Company. 80 To over- 
come the effect of the greater heat con- 
ductivity of the steel tube (above that of 
silica), a new retort was constructed of 
cold-drawn, seamless, ^-inch steel with 
ends recessed to accommodate top and 
bottom push-on caps of mild steel. The 
retort was encased in a close-fitting alumi- 
num liner which, in turn, fitted easily in a 
standard Gray-King electric furnace. 

The retort was charged with coal com- 
pressed to a void space of 33 percent. The 
temperature of the furnace was raised 
quickly to 300° C and then controlled at 
1° C per minute. Readings were taken at 
1 -minute intervals near the temperature of 
initial contraction, initial expansion, and 
final expansion. With coals of low swell- 
ing power, there was no movement of the 
pointer after the temperatures of final ex- 
pansion had been reached, until at a very 
much higher temperature, when there was 
a slight shrinking of the charge. With 
coals of high swelling power, the plunger 

85 Mott, R. A., and Spooner, C. E., Fuel , 16,. 
4-14 (1937). 
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began to sink through the charge at a 
temperature a few degrees above the final 
expansion, and came to rest at a some- 
what higher temperature, usually before it 
had sunk to the bottom of the charge. 
The extent of the fall of the plunger was 
suggested as an index of the plasticity de- 
veloped by the coal. The percent con- 
traction of the coal was calculated by divid- 
ing the difference between the ma ximum 
pointer scale reading and that observed at 
the initial contraction temperature by the 
height of the coal column and multiplying 
by 100. The percent gross expansion was 
obtained by dividing the difference between 
maximum and minimum scale readings by 
the height of the coal charge and multiply- 
ing by 100. The authors preferred gross 
expansion; some other earlier users of this 
test apparatus have made use of the net 
expansion, that is, gross expansion minus 
contraction. 

Schlapfer and Muller 86 prepared a pel- 
let from powdered coal (grain size, 0 to 1 
millimeter) and placed it in a platinum 
crucible, which was set in the bottom of a 
cold electric furnace. A glass rod piston, 
supporting a distance gage and a 500-gram 
weight, was superimposed on the pellet. 
During heating, a slow stream of carbon 
dioxide was passed around the pellet. The 
beginning of softening was indicated by the 
marked evolution of gases and vapors. 
The softening temperature was taken as 
the first significant movement of the pis- 
ton. Softening points were determined for 
4 coals before and after preheating at 
200° C for 30 minutes with subsequent 
cooling in air. Three of the preheated 
coals — Neumuhl, Heinitz, and La Houve — 
showed significantly higher softening points 

86 Schlapfer, P., and Muller, E., Eidgetioss. 
Materialpriifungsanstalt, E. T. H. Zurich , Ber., 
55 (1931), 47 pp. ; Schweiz. Ver. Gas- u. Wasser- 
fach., Monats-Bull., 11, 201-11, 358-60, 365-82 
(1931), 12, 9-23 (1932). 


and more abrupt changes than the same 
coals in the original condition. The fourth 
coal, Boltigen, rich in plastic constituents, 
had to be preheated at 250-280° C to 
cause similar behavior. Preheating the 
coals to only 150° C did not affect their 
normal behavior. 

Schlapfer and Miiller also made a direct 
determination of the degree of swelling. 
They used a furnace that was claimed to 
give unidirectional heating from the sides. 
Tests were carried out on a large number 
of coals, the results on 4 of which (Bolti- 
gen, Neumuhl, Heinitz, and La Houve) 
were plotted with “swelling time in min- 
utes” and “core temperatures of the coal” 
as ordinates against “degrees Centigrade” 
as abscissas. The curves were discussed 
according to three arbitrarily chosen seg- 
ments: the first, between 350 and 400° C, 
during which softening of the coal took 
place; the second, around 400° C, at which 
strong decomposition of the coal substance 
and a considerable increase in volume were 
shown; and the third or horizontal part 
of the curve representative of the end con- 
dition with continued degasification. The 
authors studied the dependence of the de- 
gree of swelling on the rate of heating and 
the influence of preheating on the swelling 
capacity of the coal. These results were 
compared with those of crucible swelling 
tests, such as those by Bochum’s method. 

The U. S. Bureau of Mines 87 " 91 has de- 

87 Fieldner, A. O., Davis, J. D., Thiessen, R., 
Hester, E. B., and Selvig, W. A., XJ. S. Bur . 
Mines , Bull. 344, 14-9 (1931). 

88 Davis, J. D., Jnng, F. W., Juettner, B., and 
Wallace, D. A., Ind. Eng. Chem., 25, 1269-74 
(1933) ; Mining Met. Investigations , U. S. Bur, 
Mines, Carnegie Inst. Tech., Mining Met. Ad- 
visory Boards , Coop. Bull. 60 (1933), 17 pp. 

89 Fieldner, A. C., and Davis, J. D., Z7. S. Bur. 
Mines, Monograph 5, 106-9 (1934). 

90 Brewer, R. E., and Atkinson, R. G., Ind. 
Eng. Chem., Anal. Ed., S, 443-9 (1936). 

91 Brewer, R. E., and Triff, J. E., Ind. Eng. 
Chem., Anal. Ed., 11, 242-7 (1939). 
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veloped the well-known Agde-Damm dila- 
tometer test method, so named on account 
of the incorporation of certain construction 
features of the apparatus and procedure 
of the penetrometer test methods of 
Damm 3 and of Agde and Lyncker. 92 Dur- 
ing the ten years of nearly constant use in 
research investigations and routine testing 
of bituminous coking coals, the original 
Bureau of Mines Agde-Damm test method 
has undergone a number of modifications, 
in both apparatus and test procedure, de- 
scribed in the papers cited. 

The K-B-S apparatus of Shimomura 93 
was based upon the softening zone appara- 
tus of Kattwinkel 19 and the recording ar- 
rangement of Baum, 94 hence the name 
K-B-S. Eleven Japanese and Chinese cok- 
ing coals were tested. Under "no load” 
(piston not weighted) the initial point of 
expansion, though varying with different 
coals, was definite in each case, whereas the 
end point of expansion, near the resolidifi- 
cation point, differed somewhat in dupli- 
cate tests on the same coal. With an 
added load on the piston the initial and 
end points of expansion were lower and 
the net expansion was less than values 
determined under "no load.” Additional 
temperature-volume characteristics were 
noted, usually for the beginning of con- 
traction and the end of "penetration.” 
The temperature difference, in degrees 
Centigrade, between the beginning of con- 
traction and initial expansion, was desig- 
nated as "contraction range,” that between 
initial and final expansion as "expansion 
range,” and that between final expansion 
and end of penetration as "penetration 
range.” The flat part of the curve or 

92 Agde, G., and Lyncker, L. von, Brennstoff- 
Chem 10, 86-7 (1929). 

9s SMmorrmra, A., J. Fuel Boc . Japan , 11, 
Sect. 1, lB4r-9, Sect. 2, 17-9 (in English) 
41932) ; Fuel, 11, 340-3 (1932). 

94 Baum, .K., Q-liiohauf 64, 1733-41 (1928). 


"equilibrium range” represented the equi- 
librium between the surface tension of the 
molten coal, or its viscosity, and the pene- 
trating action of the weighted piston. 

Shimomura 95 later used his K-B-S appa- 
ratus in a study of blending coals for coke 
manufacture. Seventy-six samples of Yu- 
bari and Hashima coals were blended with 
10, 20, 30, 40, and 50 percent of (a) an- 
thracite, (6) coking coal, (c) high-volatile 
highly oxygenated coal, ( d ) oxidized coal, 
(e) 450° C semicoke, (/) 500° C semicoke, 
( g ) coke breeze, and (A) quartz sand, re- 
spectively. The initial expansion tem- 
peratures of the coals were raised and the 
total magnitudes of the expansion were 
lowered most by 450° C semicoke, next by 
anthracite and 500° C semicoke, then by 
coke breeze, oxidized coal, and the two 
coals ( b ) and (c), and least by quartz 
sand. Blending with the coking coal gave 
increased viscosity. The data were cor- 
related with those for ash, volatile matter 
(dry basis), phenol extract, carbon, hydro- 
gen, and oxygen (all on a dry, ash-free 
basis), expansion pressures made in a 
Nedelmann apparatus, 96 and gravimetric 
volatile-matter data obtained in Shimo- 
mura’s automatic-indicating type balance 
developed during the investigation. Desid- 
erata for ideal coking coals in terms of 
numerical data for the properties just cited 
were formulated. 

Later, Shimomura 5 classified coals into 
groups from the forms of their K-B-S 
curves as shown on the next page. 

Data on 20 samples of English coals and 
blends were not complete. Two coals, 
"M” (Brancepeth Mine, Three Quarter 
Seam [Durham], unwashed run-of-mine) 
and "E” (Grassmoor Mine, Tupton Seam 
[Derbyshire], unwashed slack), were placed 

95 Shimomura, A., Fuel, 13 , 262-8 (1934). 

96 Nedelmann, H., Brennstoff-Chem ., 12, 42-3 
(1931). 
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ZJlass 

Swelling 

Expansion 

percent 

la 

Excessive 

More than 400 

15 

Excessive 

More than 400 

Ha 

High 

100-400 

116 

High 

100-400 

Ilia 

Moderate 

50-100 

III6 

Moderate 

50-100 

IV 

Not appreciable 

Less than 50 

V 

None 


VI 

None 



in Classes I and V, respectively. Appar- 
ently, the K-B-S curves, determined with- 
out a weight on the piston, were used 
because the Durham coal showed an ex- 
pansion of 435 percent under this condition 
and only 152 percent in the test with a 
load of 74.5 grams per square centimeter. 
The analyses of the Durham coal (dry 
basis) were 30.2, 4.7, and 65.1 percent, re- 
spectively, for volatile matter, ash, and 
fixed carbon, and of the Derbyshire coal 
37.9, 7.4, and 54.7 percent, respectively, for 
these constituents. 

PENETROMETER TEST METHODS 

Lierg 97 apparently was the first to de- 
termine the softening point of coal by a 
penetrometer method. A freshly cut, rec- 
tangular section of coal of equal length 
and width and approximately 0.5 to 1 mil- 
limeter thick was supported horizontally 
within a vertical, transparent quartz tube 
of suitable diameter. The point of a uni- 
formly loaded, metallic needle rested at 
the middle of the coal section. Trial tests 
were made to establish the exact .manner 
of loading. A thermocouple within the 
tube measured (1) the softening tempera- 
ture, that at which the coal sample began 
to sag; (2) the coking temperature at the 
beginning of deformation; and (3) the 

97 Lierg, Z. angew. Ghem 35, 264-8 

(1922) ; Am. Gas J. y 118, 63-6, 74-7 (1923). 


Viscosity Coking Properties 

Low Often fingery and weak cokes 
High Good (coal possibly dangerously ex- 
panding) 

Low Often fingery and weak cokes 
High Generally good 
Low Often fingery and weak cokes 
High Generally good 
Caking 

Imperfectly caking 
Noncaking 

temperature of eventual penetration of the 
weighted needle through the coal. Nitro- 
gen gas, preheated to the temperature of 
the tube, was passed through the apparatus 
during the test. Accurate and duplicable 
results were claimed. The method was sug- 
gested as a means of determining the prop- 
erties of coals for classification purposes. 

Greger 98 studied the softening of coal 
during heating by measuring the depth of 
sinking of a loaded loop of wire into a 
cylindrical briquet of coal. Rates of sink- 
ing of the wire loop, in millimeters per 
minute, plotted as ordinates against de- 
grees Centigrade as abscissas expressed the 
measures of viscosity for the different coals. 
The original apparatus proved suitable 
only for coals softening with extreme diffi- 
culty. For easily softening coals the wire 
loop sank through the coal too rapidly for 
measurement. The apparatus accordingly 
was modified so as to permit a constant 
or controlled rate of sinking of the wire 
loop into the coal. The beginning of soft- 
ening was taken as the first sinking down 
of the wire loop. The degree of softening 
increased with rising temperature to a 
maximum softening temperature and then 
decreased. The loads necessary to force 
the wire loop into the coal a fixed depth 
per unit of time were plotted as ordinates 

98 Greger, H., BraunkoJilenareh No. 9, 67-106, 
esp. 78 et seq. (1925). 
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against degrees Centigrades as abscissas. 
These softening curves and the maximum 
softening temperatures varied with differ- 
ent types of coah For any particular type, 
the softening curve and the appearance of 
the semicoke were affected by preheating 
the coal, its preheating temperature, and 
the duration of heating. Furthermore, the 
softening and swelling properties of the 
coals were depreciated by storage in the 
absence of air after preheating. 

Meyer 29 used the wire loop penetrom- 
eter method of Greger 98 to determine the 
softening behavior of 6 German coals. De- 
terminations were made on: the original 
coals ^ coals preheated for 3 hours at dif- 
ferent temperatures, below, within, and 
above their plastic temperature ranges; 
coals heated at different rates; and sam- 
ples after extraction once or repeatedly 
with benzene at different temperatures and 
pressures for varying times followed by 
different methods of drying. Results of 
these determinations were correlated with 
those from Muck crucible tests, and con- 
clusions were formulated on the coking 
power of the coals. 

Damm 3 determined the fusion tempera- 
ture of 6 different coals by measuring the 
penetration of a pointed iron tube into a 
coal pellet. A thermocouple was held 
within the tube, the hot junction being 
located at the tip of the tube. The fur- 
nace was heated fairly rapidly to 350° C 
and gradually thereafter at an unspecified 
rate in stages of 10° C. The fusion tem- 
perature was taken as that corresponding 
to the beginning of movement of the 
pointer over the scale, namely, the time at 
which the pointed tube began to sink into 
the .coal. Check results within 5° C were 
claimed, which Damm considered accurate 
enough for routine evaluation of the cok- 
ing properties of a coal. 


Lambris 99 used the method of Damm 3 
to determine the softening points of 12 
coking coals from the Rhenish-Westphalian 
district, containing 17.37 to 26.04 percent 
volatile matter (dry, ash-free basis). Soft- 
ening temperatures ranged from 390 to 
425° C but w r ere not in the same relative 
order as the ranks of the coals. After 
storage for 4 months in closed bottles, from 
which air had not been entirely removed, 
the softening points of 2 very strongly ex- 
panding and 2 feebly expanding coals were 
increased 75 to 90° C. The author ex- 
plained the higher softening temperatures 
as due to the melting of secondary bitu- 
mens whose presence in the coal and whose 
melting points had no decisive effect upon 
caking index, degree of swelling, or ex- 
pansion pressure of the coals; these last 
three properties did not change after the 
4-month storage period. 

Melzer 100 modified the Damm test 
method. Preliminary tests on 2 coals 
showed that the temperature of softening 
was increased 18° C for one coal and 40° C 
for the second by using pellets that had 
been loosely and strongly compressed, re- 
spectively. The preparation of the bri- 
quets in a pellet press used for calorimeter 
determinations was standardized by having 
a fixed maximum pressure. The ash con- 
tent of the coal was found to have no sig- 
nificant effect on the softening tempera- 
ture. Determinations on 11 coals and 9 
binary coal blends, varying by 10 percent 
increments, showed that their softening 
points increased fairly regularly with de- 
creasing content of volatile matter. In 
general, coals with 20 to 22 percent of 
volatile matter (basis not stated) showed 
softening points between 400 and 450° C, 

99 Lambris, G., Brennstoff-Chem 12, 181-7 
(1931). 

100 Melzer, W., Arch. Msenhiittenw.j 4, 169-75 
(1930). 
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and coals with 22 to 28 percent of volatile 
matter gave softening points between 330 
and 390° C. 

Melzer pointed out that the softening 
point of a coal blend should be used with 
the utmost caution in daily works super- 
vision. As a basis for classifying coals to 
be used in small and large commercial coke 
ovens, Melzer studied the relationship be- 
tween the softening points of 24 coals 
(volatile matter ranging from 19.4 to 28.8 
percent, basis not stated) and the results 
of their “stepwise degasification” accord- 
ing to the method of Damm. 3 This method 
divided gravimetrically the volatile matter 
according to three temperature zones: (1) 
up to within 25° C of the softening point 
of the particular coal; (2) from this tem- 
perature to 25° C above the softening 
point; and (3) above temperature zone 
(2). These zones were designated “pre- 
degasification,” “softening zone,” and 
“after-degasification,” respectively. Good 
coking coals suitable for use in small coke 
ovens were those whose volatile matter 
was distributed as follows: predegasifica- 
tion zone, up to 20 percent; softening zone, 
20 to 35 percent; and after-degasification 
zone, 40 to 65 percent. Expanding coals 
showed higher predegasification and soft- 
ening-zone values, accompanied by low 
after-degasification. Coals with high after- 
degasification and lower softening-zone and 
predegasification values, when coked in 
small ovens and occasionally in wide ovens, 
formed small-sized fissured cokes. 

These conclusions were substantiated by 
data obtained in large-scale tests in 500- 
millimeter-wide Otto regenerative cham- 
bers. Temperatures, gas composition, and 
heating value of the gas determined at 
hourly intervals indicated definite trends 
for different kinds of coals. The zones of 
degasification were estimated in “thirds” 
of the carbonizing time. The course of 


the curves representing gas composition 
showed, in particular, that the - break in 
the hydrogen curve in the third, or after- 
degasification, zone was characteristic of 
the particular coal being coked. The maxi- 
mum percentage of hydrogen occurred 
usually with simultaneous increases in car- 
bon monoxide and carbon dioxide and was 
explained as due to the decomposition of 
hydrocarbons. 

Melzer 101 later modified the Damm test 
method further so that the end of soften- 
ing of the coal sample could be determined 
by the “feel method.” An extension tube 
about 22 centimeters long, mounted with 
the aid of an overlapping metal holder set 
in the space for the coal pellet, confined 
the softened coal mass and also made it 
easier to introduce the steel needle. The 
coal for making the briquet was first 
ground to pass a sieve of 400-mesh per 
square centimeter. The temperatures of 
the beginning and the end of softening were 
determined for 7 coals with volatile-matter 
content ranging from 19.59 to 39.72 per- 
cent (basis not stated), and for 6 four-com- 
ponent blends of certain of these coals to 
give blends ranging in volatile-matter con- 
tent from 22.80 to 24.18 percent (basis not 
stated). Stepwise degasification tests also 
were made of these coals and blends by the 
method of Damm. 3 Melzer classified the 
degree of softening of each coal and blend 
by numerical values from 0.3 to 5, for 
which 1 signified very viscous and 5 very 
soft. It was not stated how these num- 
bers were estimated. Presumably, the esti- 
mation w r as made ‘by the “feel method.” 
The numbers reported appear to have had 
no dependence on the volatile content, the 
length of the softening range, or the pre-, 
main-, or after-degasification weights of 
volatile matter expelled. 

ioi Melzer, W., Arch. Eisenhuttenw 6, 89-93 
(1932). 
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Agde and Lyncker 92 developed an ap- 
paratus an important feature of which was 
an electrically heated copper or aluminum 
block in which two holes were drilled from 
the top to admit thin-walled, steel tubes. 
The good heat conductivity achieved by 
such construction makes this feature desir- 
able in similar apparatus. 87-91 

Schimmel 102 made comparative tests on 
3 German coals by the penetrometer and 
gas-flow test methods. The iron retort 
tube, size of coal charge, and rate of heat- 
ing were the same in the two methods. In 
the penetrometer test the first sinking of 
the loaded needle into the coal charge was 
considered the softening temperature, and 
the end of sinking the solidification tem- 
perature. Rates of sinking were plotted 
against temperatures. The softening tem- 
peratures of Prosper II, Zwickau-Oben- 
hohndorf, and Dudweiler coals were 413, 
400, and 400° C, respectively; their cor- 
responding solidification temperatures were 
490, 470, and 460° C. In comparison, the 
gas-flow test method gave softening tem- 
peratures of 422, 400, and 398° C and 
solidification temperatures of 485, 470, and 
475° C, respectively, for the 3 coals. In 
the gas-flow method, Schimmel designated 
the peak point of the gas pressure-tempera- 
ture curve as corresponding to the solidi- 
fication temperature rather than the maxi- 
mum of plasticity as designated by Fox- 
well. 108 

Pieters 104 determined the softening point 
of coal from the sinking of a 5-millimeter- 
diameter steel rod with pointed end into 
the heated sample. The vertical move- 
ment of the rod was magnified and re- 
corded on a revolving drum as a function 
of temperature. Heating was carried out 

102 Schimmel, F., Brennstoff-Chem 10, 319-21 
(1929). 

103 Foxwell, G. E., Fuel, 3, 122-8 (1924). 

104 Pieters, H. A. J., Rec. trav. ehim., 49, XV, 
289-306 (1930) (in English). 


at a rate of 9° C per minute. An increased 
rate of sinking of the rod indicated an in- 
creased fluidity of the resultant plastic 
mass. 

Heuser 105 adapted the automatically 
controlled apparatus of Bunte and Baum 
for determining the melting-point curve 
of coal ash 106 ( see also ref. 94) to the 
softening-point determination of bitumi- 
nous coal. The softening curve, automati- 
cally drawn during the test, showed the 
displacement of the piston, or depth of 
sinking, in millimeters plotted as ordinates 
against degrees Centigrade as abscissas. 
The “beginning of softening” was indi- 
cated by the first slight fall in the curve; 
the “softening temperature” was taken as 
the intersection of the curve with a line 
drawn parallel to and 5 millimeters below 
the null line on the recorder strip. The 
steepness of fall of the curve gave a cri- 
terion for estimating the degree of plas- 
ticity of the coals tested. 

Simek and Coufalik 107 used the pene- 
trometer apparatus of Heuser 105 to deter- 
mine the softening points of the petro- 
graphic constituents clarain, durain, and 
fusain of a coal from the Ostrau-Karwin 
district. Only clarain really melted, at 
about 450° C and within a range of 10° C. 
The coal sample itself showed a melting 
range of 30 to 40° C. 

Coufalik 108 modified the Heuser appa- 
ratus 105 in minor respects. A study of 
various factors showed that: (1) higher 
compression of the briquet increased the 
observed softening temperature of the 
coal on account of slower heat penetration 
into the denser charge; (2) introduction 

105 Heuser, P., GliicTcauf, 67, 432-4 (1931). 

106 Bunte, K., and Baum, K., Gas- u. Wasser- 
faoh , 71, 97-101, 125-30 (1928). 

107 gimek, B. G., and Coufalik, F., Mitt . Kohl- 
enjorsch.-Inst. Frag, 2, 114-24 (1935). 

108 Coufalik, F., Mitt. Kohlenforsch.-Inst. Frag, 
2, 292-307 (1935). 
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of air instead of nitrogen at the base of 
the coal tube caused a lowering in the 
characteristic temperatures and a narrow- 
ing of the plastic range, these effects being 
most pronounced with the larger grain size 
of coal and faster heating rate; and (3) 
weighting the needle with 300-, 500-, 550-, 
and 650-gram loads gave softening points 
of 475, 455, 442, and 433 °'C, respectively, 
for the Ostrau-Karwin coking coal heated 
at a rate of 10° C per 3 minutes. 

Gieseler 109 compared results obtained 
with the penetrometer method with those 
obtained in a gas-flow (Foxwell) test on 
10 coals ranging in volatile-matter content 
from 27.2 to 37.5 percent (pure coal 
basis). Additional comparative tests by 
these two methods were made later 24 on 
9 Ruhr, 4 Lower Silesian, and 6 Upper 
Silesian coals. Temperatures of the coking 
mass at the solidification points obtained 
by the penetrometer method showed poor 
agreement with temperatures of maximum 
resistance observed in the gas-flow tests in 
the two investigations. 

Gieseler 110 also measured the rates of 
sinking of penetrometer needles with dif- 
ferent types of points into plastic coal. He 
used, first, a loaded, vertically placed needle 
having a hemispherical point. The needle 
was fastened in the lower end of the rod, 
which was loaded by a suitable weight at 
the top. The needle sank only a little 
way into the coal and then stopped or was 
even raised again by the expansion pres- 
sure of the coal. 

In a second apparatus identical with that 
just described, except that the needle was 
replaced by a metal ball at the bottom of 
the coal charge and this ball attached to 
a fine wire leading up over a pulley to a 
counterbalance just equalizing the tension 
on the ball, Gieseler determined the upward 

109 Gieseler, K., Gliichauf , 68, 1102-4 (1932). 

no Gieseler, K. t Gliiclcauf, 70, 178-83 (1934). 


movement of the ball through the coal dur- 
ing its softening. At the resolidification 
point of the coal, the movement of the ball 
ceased. Trouble was experienced from 
cementation of material on and a warping 
of the wire during the test. 

Kaatz and Richter 27 studied the soften- 
ing point of coals by a penetrometer meth- 
od and examined the following factors: 
(1) density of the compressed coal; (2) 
form and strength of the penetrometer 
needle; (3) magnitude of the added load 
on the needle, whereby the frictional resist- 
ance of the apparatus must be also con- 
sidered; (4) heating rates; and (5) meth- 
ods of measuring temperature. These fac- 
tors were standardized for the test method 
so that check results to within 1° C were 
claimed to be possible. The softening 
points of 4 German coals v r ere reported. 
The softening points of a Silesian coal 
under loads of 50Q, 300, and 150 grams 
were observed to be 398, 406, and 415° C, 
respectively. 

Gas-Flow or Foxwell Test Methods 

The “gas-flow” or Foxwell test method 111 
(see also ref. 103) depends upon the 
change in resistance to flow of a stream of 
inert gas caused by the back pressure de- 
veloped in a plug or column of heated coal. 
The charge is usually sized within certain 
limits and is often mixed with an inert 
material, such as electrode carbon, to in- 
crease its porosity. Consequently, the 
sample is not usually representative of the 
original coal. The charge is heated at any 
desired rate in either a horizontal or ver- 
tical tube through which a stream of puri- 
fied and preheated inert gas (nitrogen, car- 
bon dioxide, coke oven, or natural gas) is 
passed at a known pressure. Usually the 
tube and charge are freed of air by a pre- 

iii Foxwell, G. E., J . Soo . Ghem. Ind 40 , 
193-201T (1921). 
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liminary sweeping with the inert gas before 
the test proper is started. The resistance 
to gas flow offered by the heated column of 
coal is measured as the temperature is in- 
creased. For coking coals this resistance or 
pressure begins to increase when the coal 
starts to soften, rises to a maximum, and 
then usually decreases to its original value 
at the start of the test. The more signifi- 
cant data usually recorded are the maxi- 
mum pressure and the temperatures of 
initial softening and of maximum pressure. 
The last has often been erroneously called 
the solidification temperature. In such 
tests, however, depending upon the coal, 
the solidification of the heated coal mass 
may take place below, at, or above the 
temperature corresponding to the maxi- 
mum pressure. 

In 1921, Foxwell 111 in his first funda- 
mental study of the path of travel of gases 
in the coke oven found that the resistance 
to gas flow, m, namely, the pressure re- 
quired to force 1 cubic centimeter (N.T.P.) 
of gas per minute through a 1-cubic-centi- 
meter volume of coal, was higher' for any 
temperature within the plastic temperature 
range of the coal than that expected from 
theoretical considerations of the laws gov- 
erning the passage of gases through porous 
inert solids. The increments in m varied 
with the nature of the coal, being larger 
for the better coking coals. This observa- 
tion led to a new experimental method for 
determining the values of m at various 
temperatures within the plastic range. 

Dry coal was packed to form a column 
in a hard-glass tube which was then heated 
in a sand bath within a gas-heated furnace. 
Gas, presumably inert, -was passed through 
the coal column at a controlled initial rate, 
no further adjustments being made during 
the test. Foxwell recognized that “owing 
to back pressure the rate of flow of gas 
from the holder slackened and flow ulti- 


mately ceased when the back pressure was 
at a maximum.’’ A temperature rise of 
5° C per minute was maintained, and tem- 
perature and pressure readings were taken 
every 2 minutes. 

Temperatures for the beginning and end 
of the plastic range and for maximum plas- 
ticity, defined as that temperature at which 
resistance to flow of gases reached a maxi- 
mum, were determined for 9 coals and 1 
coal blend. For a good-coking Durham 
coal plasticity developed at 330° C, in- 
creased between 380 and 430° C, reached a 
maximum at 400° C, and ended at 500° C. 
Poorly coking coals showed a low resist- 
ance at maximum plasticity, whereas non- 
coking coals, which did not fuse, offered no 
appreciable resistance during the test. In 
'general, maximum plasticity was observed 
at lower temperatures for coals of higher 
volatile-matter content. Thus, the maxima 
appeared between 400 and 470° C for coals 
containing 30 percent of volatile matter [as 
tested], whereas these maxima were be- 
tween 500 and 520° C for Welsh coals with 
15 to 20 percent of volatile-matter content 
[as tested]. The Welsh coals also showed 
a second, although smaller, maximum re- 
sistance between 540 and 580° C. Foxwell 
explained this by saying, “Anthracitisation 
has resulted in the destruction of the more 
easily decomposable substances, or possibly 
in their partial destruction, the products 
formed having a higher decomposition 
point.” 

Foxwell 103 later modified his original gas- 
flow method 111 to eliminate certain sources 
of inaccuracy and to provide a more direct 
measure of the resistance to gas flow 
through coal undergoing carbonization at 
a continuously rising temperature. Special 
attention was directed to the method of 
packing the coal column, measurement of 
temperature, and control of gas pressure. 

To carry out a test the gas reservoir, gas 
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holder, and connecting tubes were filled 
with gas (presumably inert) and the coal 
was heated at the desired rate to 300° C. 
At this temperature the rate of gas flow 
from the holder was adjusted to about 20 
cubic centimeters per minute at zero gage 
pressure and 3,500 millimeters water head. 
Readings of temperatures, pressures, and 
volumes of gas in the gas holder were taken 
every t minutes, that is, every 10° C over 
the temperature range 330 to 540° C. 

Foxwell calculated the pressure m re- 
quired to force 1 cubic centimeter (N.T.P.) 
of gas per minute through a cubic centi- 
meter of the material maintained at T° C 
from the expression 


where p is the gage pressure in millimeters 
oLwater; s is the cross section of the tube 
in square centimeters; v is the total vol- 
ume of gas, in cubic centimeters, passing 
through the coal per minute; and l is the 
length of the coal column in centimeters. 

The relationship between the value of m 
and temperature determined the “plastic 
curve.” The general characteristic of this 
curve showed that m increased at a uni- 
form rate up to about 400° C and beyond 
this became higher than demanded by 
theory; this deviation became still greater 
at higher temperatures, until a maximum 
value of m was reached. Thereafter, the 
value of m remained virtually constant for 
some time or dropped rapidly to a “low 
point,” then continued falling to 900° C, 
after which it might rise again. The mean 
values of m for coke from one coal w r ere 
found to be 0.410 millimeter between 550 
and 700° C and 0.062 jaaillimeter between 
700 and 950° C. 

It appears to the writer that these values 
are of such small magnitude that the ex- 
perimental errors would make them of 


questionable value in any quantitative in- 
terpretations of the plastic properties of 
the coals studied. 

In 1925, Layng and Hathorne 112 stated, 
“In 1921 at the Pittsburgh meeting of the 
American Chemical Society, the authors 
gave notice and some data of their work on 
American coals using a somewhat similar 
method” to that of Foxwell. 111 The 
“work” referred to was evidently Paper 19, 
“The Softening Point of Coal — Its Deter- 
mination and Significance,” by T. E. 
Layng, W. S. Hathorne, A. W. Coffman, 
and S. W. Parr, which was presented be- 
fore the Section of Gas and Fuel Chemistry 
of the American Chemical Society at its 
meeting in September, 1922, instead of in 
1921, and was reviewed in Chemical and 
Metallurgical Engineering , 27, 648-649 
(1922). Layng and Hathorne apparently 
■were not aware of the 1924 publication of 
Foxwell. 103 

The apparatus described by Layng and 
Hathorne consisted essentially of an accu- 
rately controlled, vertical, electric tube fur- 
nace, a constant-head device for supplying 
nitrogen gas to the tube containing the 
coal, a manometer for measuring the pres- 
sure developed, and a pyrometer for meas- 
uring the temperature outside the coal 
tube. Readings of time, temperature, and 
pressure w r ere made and recorded every 3 
to 5 minutes until the coal had passed 
through its critical stage and the pressure 
of the nitrogen gas stream was again con- 
stant. 

Forty-two American coals, which in- 
cluded 25 Illinois bituminous, 11 Eastern 
bituminous, and 6 semibituminous coals, 
were tested. The softening temperature 
(initial plasticity) checked within 1 to 
2° C, and the temperature of maximum 
pressure (initial solidification) within 

112 Layng, T. E., and Hathorner-W. S., Ind. 
Eng . Chem 17, 165-7 (1925). 
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10° C. The maximum pressure in milli- 
meters water gage, the temperature of coke 
formation in degrees Centigrade, and the 
length of coke in centimeters also were re- 
ported. The younger (Illinois) coals be- 
came plastic at lower temperatures than 
the higher-rank coals, but too few of the 
latter were tested to determine whether 
the relation was completely general. 

Foxwell, 113 calling attention to the ne- 
glect of Layng and Hathorne 112 in not 
citing his own recent investigation, 103 stated 
that both his earlier work 111 and the work 
of Layng and Hathorne 112 were open to 
several objections. Layng and Hathorne 
did not state at what rate the temperature 
of the coal was increased. The rate of in- 
crease would have little influence upon the 
temperature at which plasticity begins but 
would affect greatly the temperature of 
maximum pressure, the extent of the plas- 
tic range, and the pressure developed. 
Examples of 3 typical English coking coals 
using 1, 3, and 5° C per minute rates of 
heating were given. Foxwell stated that 
there is “no definite temperature of com- 
pletion of the plastic stage; the coke con- 
tinues to drop slightly in resistance ’for as 
much as 200 or 300° C.” Layng and Hath- 
orne took no precaution to prevent the 
coal from expanding, thus allowing the 
resistance to be lowered. 

A later apparatus 114 with improved con- 
struction features had a small gas space, 
so that the pressure change registered by 
the gages corresponded very quickly to the 
resistance of the coal. 

Layng and Coffman 115 used the method 
of Layng and Hathorne to determine the 
plastic properties of fresh, weathered, oxi- 
dized, and preheated coals. All samples 

113 Foxwell, G. E., Ind. Eng. Chem 17, 1161 
(1920). 

H4 Foxwell, G. E., Fuel , 11, 4-19 (1932). 

115 Layng, T. E., and Coffman, A. W., Jnd. 
Eng. Chem., 19, 924-5 (1927). 


were first ground to a size between 20- and 
60-mesh, and the heating rate was 2° C per 
minute in all determinations. Tempera- 
tures of initial plasticity, maximum pres- 
sure, and coke formation, the maximum 
pressure in millimeters water gage, and the 
resulting coke quality were determined on 
each of 9 fresh coals and 2 weathered 
samples. The fresh coals included 5 from 
Illinois, 2 from Kentucky, and 1 each from 
West Virginia and Pennsylvania. The 2 
weathered samples of an Illinois coal had 
been in storage for 6 weeks. One was from 
the outside of the storage pile, the other 
from a point in the pile where localized 
heating had led to spontaneous combustion. 

Of the 2 weathered coals the sample 
from the outside of the pile showed less 
change in plastic properties than the other 
sample. Similar data were obtained on 2 
of the Illinois coals, on 1 of the Kentucky 
coals, and on the West Virginia and Penn- 
sylvania coals after they had been sub- 
jected to accelerated oxidation with oxy- 
gen in a constant temperature oven at 
110° C for various periods of time up to 
300 hours. With accelerated oxidation, the 
data, compared with those obtained on the 
original fresh samples, showed: (1) in- 
creases in the temperature of initial plas- 
ticity; (2) decreases in the maximum pres- 
sure; (3) decreases in the temperature of 
solid coke formation; and (4) progressive 
decreases in the quality of coke. The coals 
with the greatest plastic range oxidized less 
easily and could be stored with less diffi- 
culty. 

The other 4 fresh coals (3 from Illinois 
and 1 from Kentucky) were preheated in 
either air or nitrogen to temperatures of 
150, 200, 250, 300, or 350° C, and then 
cooled in the same atmosphere. The plas- 
tic properties were determined and com- 
pared with similar data on the fresh coal. 

Preheating increased the temperature of 



GAS-FLOW OR FOXWELL TEST METHODS 


207 


initial plasticity. With increasingly higher 
temperature of preheating in air the maxi- 
mum pressure was decreased, but it re- 
mained the same or was decreased in a 
nitrogen atmosphere. In nitrogen, one coal 
showed first an increase and then a de- 
crease in maximum pressure. The authors 
stated that the Kentucky (Jellico County) 
coal gave an even better coke, after pre- 
heating in air at 150° C, than was obtained 
directly from the fresh coal itself, whereas 
the coke from preheated Saline County Il- 
linois coal was not improved in quality by 
the preheat treatment. The authors did 
not state how coke quality was determined. 
The temperature of 150° C appeared to be 
the maximum to which a coal could be pre- 
heated in air without affecting its coke 
quality. Preheating to higher temperatures 
in a nitrogen atmosphere did not affect the 
coke quality. 

The results indicated that they should 
offer promise: (1) in aiding in the classi- 
fication of coals that soften on heating; 

(2) in tracing any particular seam of coal; 

(3) in establishing the particular state of 
any coal thaff has been weathered; and (4) 
in determining the effect of conditioning on 
coal. 

Coffman and Layng modified the 
Layng and Hathorne test method in sev- 
eral respects. The importance of maintain- 
ing the same rate of temperature increase 
in comparative tests was emphasized so as 
to avoid variations in observed tempera- 
tures of initial plasticity and solidification. 
Temperatures outsides the coal tube at the 
middle height of the coal sample were 
measured by a standard Hoskins indicator 
and base-metal thermocouple. Time, tem- 
perature, and pressure readings were made 
and recorded at 2-minute intervals. The 
object of the investigation was to show the 

lie Coffman, A. W., and Layng, T. E., Ind. 
Eng. Chem 30, 165-70 (1928). 


application of the test in evaluating the 
so-called agglutinating power of any coal 
and also to establish that the agglutinating 
value is the resultant of a large number of 
governing factors, chief of which are rate 
of carbonization, previous conditioning, 
amount of weathering, the chemical reac- 
tions between the constituents of the coal. 

The authors concluded that the “tem- 
perature of coke formation” was relatively 
unimportant because it merely marked the 
end of a very rapid falling off in pressure; 
they emphasized that the point of maxi- 
mum pressure really marked the comple- 
tion of the complex processes, chiefly indi- 
cated by softening and by cell formation. 
This cell formation, which is the result of 
all the reactions taking place, ended in 
fixation of the coal mass and explained the 
rapid diminution of pressure. They also 
concluded that the important portion of 
the temperature-pressure curve represent- 
ing the true range of plasticity lay between 
the initial softening temperature and point 
of maximum pressure. 

A graphical study on this portion of the 
curve led to the development of an expres- 
sion which they called the “differential 
index” or “agglutinating index.” This in- 
dex was derived solely from pressure-time 
relations between the initial softening point 
and the point of maximum pressure. The 
time rate of increase in pressure was cal- 
culated at regular intervals and plotted 
against time. The curves showed that the 
value of dp/dt increased with time to a 
maximum and then decreased. The maxi- 
mum value of dp/dt for any differential 
softening curve was called the “ differential 
index ” or “ agglutinating index” of the coal. 

With one or two exceptions, the values 
of the “differential index” for 26 American 
coals, determined at rates of heating be- 
tween 1 and 2° C per minute, arranged 
themselves in a natural order according to 
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the properties of the coals. At higher 
heating rates more exceptions were ob- 
served. The author suggested that soften- 
ing coals may be classified as follows: Illi- 
nois bituminous, index 20-40; semibitumi- 
nous, 30-40; and Eastern bituminous, 
50-125. 

The dp/dt values plotted as ordinates 
against time in minutes as abscissas gave 
curves of the form of Maxwell distribution 
curves, thus indicating the manner in 
which the energy in a coal is proportioned 
over the plastic range. For each of the 19 
coals for which data were plotted in this 
way the energy was distributed in a dif- 
ferent manner, but coals of the same type 
showed approximately equal total quanti- 
ties of energy, as represented by the areas 
beneath their curves. From these curves it 
appeared that for a coal to form a coke 
two conditions must be fulfilled: (1) the 
differential index must have a value above 
20; and (2) the total energy must be used 
in a comparatively short time, giving rise 
to a peak in the curve. By varying four 
factors governing agglutinating value it 
appeared that poorly coking coals might 
also fulfill these conditions. Special studies 
were made, therefore, of the effect of the 
following four factors. 

Effect of the Rate of Heating. The 
method used was the same as described, 
except that no nitrogen gas was passed in 
during the test. It was believed that in 
this way only the pressure of the liberated 
gases would correspond more nearly to 
conditions for measuring the true energy 
index of the coal. The data obtained with- 
out nitrogen gas were comparable to one 
another for the different rates of heating, 
and they checked the method using nitro- 
gen gas as to softening and solidification 
temperatures but gave higher dp/dt values. 
It was shown that an increased rate of 


heating increased the value of dp/ dt to an 
appreciable degree. 

Conditioning Treatment. The data of 
Layng and Coffman 115 showing the effect 
of preheating in various atmospheres were 
calculated in terms of dp/dt values. The 
effect of pretreatment showed that the 
dp/dt values were changed greatly. There 
did not seem to be any regularity between 
the results obtained by Layng and Coff- 
man and the dp/dt values, except, perhaps, 
that the poorer the quality of coke the 
lower the dp/dt values become, although 
there were several striking exceptions to 
this relationship. 

Weathering. The data of Layng and 
Coffman showing the effect of accelerated 
oxidation on the plastic properties of the 
5 coals tested also were calculated in terms 
of dp/dt values. In general, the dp/dt 
values decreased with the extent of oxida- 
tion (amount of weathering), showing that 
the coking energy and agglutinating values 
of the coals were decreased by this treat- 
ment. 

Chemical Interactions. The chemical 
changes depended upon the other three 
factors just discussed. 

Marquard 117 determined the plastic 
properties of 5 American coals by the gas- 
flow method; a description of apparatus 
and procedure was not given. The coals 
included a low-volatile Pocahontas and 4 
high-volatile A coals, Freeport, Palmer, 
Colonial, and Filbert. These 4 coals had 
nearly the same volatile-matter content 
but gave different “melting” temperatures 
and relatively different emissions of gases 
during their plastic state. Except for the 
higher maximum pressure of the Filbert 
coal, the maxima were around 4.4 inches 
water gage. The “melting” points were 

H7 Marquard, F. F., Yearbook Am. Iron Steel 
In$t. f 18, 83—112 (1928) ; Blast Furnace Steel 
Plant, 16, 754-7, 914-6 (1928). 
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indicated by the initial sharp increases in 
pressure, and all corresponded to around 
0.8 to 0.9 inch water gage. None of the 
5 coals showed a zero pressure at 500° C, 
the end of the test, but pressure of 1 .2 
inches or more water gage. The relative 
quantities of gases evolved during the 
plastic state, indicated by the relative 
areas under the plastic curves, agreed well 
with the proportions of volatile matter ex- 
pelled during the tests, as determined from 
the coal samples before and after test. 

The Pocahontas coal lost about half of 
its volatile matter, gave the highest melt- 
ing temperature, and produced an inferior 
coke. Of the 4 coals of similar volatile- 
matter content, Freeport coal showed the 
greatest loss in volatile matter, the lowest 
melting temperature, and the poorest 
residual coke. Filbert coal showed the 
next greatest loss in volatile matter and 
the highest melting temperature, and gave 
a good coke. Palmer and Colonial coals 
gave lower losses in volatile matter, inter- 
mediate melting points, and good cokes. 
Filbert coal, w T hen blended with other coals 
of the same melting point or gasification 
loss, gave good coke; with blends of dif- 
ferent melting characteristics the coke 
structure was poor. Removal of slate from 
Palmer coal lowered the melting point ap- 
proximately 50° C. 

Schimmel 102 made comparative meas- 
urements using the gas-flow method of 
Layng and Hathorne 112 and the penetrom- 
eter method of Agde and Lyncker. 92 The 
apparatus and procedures were modified 
slightly in both methods. The melting 
points of 3 German coals obtained by the 
two methods agreed closely. The tem- 
peratures of maximum pressure in the gas- 
flow method agreed with those of the end 
of the plastic range in the penetrometer 
method. The highest point in the Foxwell 
plasticity curve, therefore, must be inter- 


preted as the setting point or solidification 
of the plastic mass and not the tempera- 
ture of maximum plasticity, as Foxwell 103 
had assumed. 

Ball and Curtis, 18 after first using the 
Foxwell 103 and Layng and Hathorne 112 
gas-flow methods, developed a modified 
gas-flow method which provided pure dry 
nitrogen gas and insured accurate tempera- 
ture measurements in the coal. The soft- 
ening temperatures obtained by the gas- 
flow method were compared with the dis- 
tortion temperatures of individual parti- 
cles of the same coals obtained by direct 
visual observation in the apparatus de- 
scribed on page 171. The gas-flow method 
gave softening temperatures up to 150° C 
higher than those directly observed by the 
microfusion method. However, when bri- 
quets were substituted for individual par- 
ticles of coal in the microfusion method, 
distortions occurred at only 15 to 20° C 
higher for the same coal. 

Lloyd 118 believed that high pressures, 
such as those developed in the procedures 
of Foxwell and of Layng and coworkers, 
were not desirable in the gas-flow method. 
Accordingly, he maintained a virtually 
constant water-gage pressure of about 1.5 
inches at the start of the plastic range and 
never above 2.2 inches maximum for the 
- 10 American coals studied. 

Believing that the gas flow was propor- 
tional to the pressure, Lloyd calculated the 
gas-flow values per inch of water pressure 
and plotted them as ordinates against ob- 
served degrees Fahrenheit as abscissas. 
The resulting curves showed no sharp 
maxima, contrary to the sharp maximum 
observed and interpreted by earlier work- 
ers as a mere point function of tempera- 
ture, but instead a maximum plasticity 
extending over a long range of tempera- 

118 Lloyd, T. C., Che m. d Met . Eng., 37, 169-71 
(1930). 
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ture — at least 55° C for good coking coals. 
Three Pennsylvania and two Kentucky 
high-volatile coals gave curves that were 
roughly symmetrical about their minimum 
pressure values in the temperature range 
of 400 to 450° C. On the other hand, 
curves for West Virginia low-volatile coals 
had sharp slopes approaching the mini- 
mum pressures around 450 to 475° C and 
very gradual slopes away from the minima 
with increased coking temperatures. The 
final portions of these curves, around 475 
to 575° C, were nearly horizontal for the 
highest-grade, low-' volatile, coking coals; 
increasing slope was considered an indica- 
tion of diminishing coking power. 

Plasticity tests on blends of 85 percent 
of high-volatile coal (Royal mine, Fayette 
Co., Pa.) and 15 percent of different size 
fractions of low-volatile coal (Carswell 
mine, McDowell Co., W. Va.) w-ere com- 
pared with results of box tests made in a 
coke oven. Proximate analyses of the dif- 
ferent size fractions showed but little dif- 
ferences, but tumbler tests on the resultant 
cokes from different blends showed that 
coke quality fell with coarser sizes of low- 
volatile coal used. Plastic curves on the 
various blends also were different. 

Lloyd recommended that for good re- 
sults in blending one should use two coals 
that enter the plastic stage at different 
temperatures. The coal of lower softening 
temperature w-ould then near the coking 
stage when the other coal became liquid. 
Such a choice permits only one of the 
component coals to be in a liquid state at 
one time, leaving this liquid free to flow 7 
around the solid particles of the other com- 
ponent and thereby produce better mixing. 
On the other hand, if tw T o thick, semiliquid 
masses are present at the same time, inter- 
mingling probably would take place more 
slowly owing to their mutual viscosity and 
resistance characteristics. 


Schroth 119 tested 6 German coals by 
a modification of the Layng and Hathorne 
method. The maximum resistances ranged 
from 41 to 852 millimeters water-gage 
pressure and increased with increasing 
values of the Kattwinkel caking index. 
The temperatures of softening were not 
consistent with the order of these indexes. 

Swietoslawski, Roga, and Chorazy 120 
modified the Layng and Hathorne test 
method for the determination of the plas- 
tic properties of several types of bitumi- 
nous coals. The modifications introduced 
were not described. The determinations 
included: 2 Pas-de-Calais (French) and 1 
Ruhr (German) semibituminous coals; 3 
Ruhr, 1 Pas-de-Calais, and 1 Durham 
(English) low-volatile coals; 1 Pas-de- 
Calais, and 1 Upper Silesian (German) 
coking gas coals; and 1 Ruhr and 2 North- 
umberland (English) caking, long-flame, 
gas coals. A heating rate of 5° C per 
minute was used in all tests. The plastic- 
ity curves obtained were characteristic of 
each group of coals. The order of magni- 
tude of “maximum plasticity/’ expressed in 
millimeters of water pressure for the four 
groups of coals, was as follows: 1 to 10 for 
the semibituminous; 123 to 171 for the 
low-volatile coking; 136 to 144 for the 
caking gas; and 4 to 26 for the caking, 
long-flame, gas coals. The temperature of 
“maximum plasticity” decreased with in- 
crease in the volatile content of the coal. 

These authors found that briquets of 
satisfactory mechanical strength could be 
made from coking-coal slack by using a 
pressure of the same order as was then 
used in the industrial production of bri- 
quets from coal slack and pitch and by 
heating under one of the Mowing condi- 

119 Schroth, W., Gas- u. T Vasserfach, 73, Spe- 
cial No., 18-26 (May, 1930) ; 73, 546-9 (1930). 

120 Swietoslawski, W., Roga, B., and Chorazy 
M., Fuel, 9, 421-39 (1930). 
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tions: (1) by heating to the temperature 
of incipient plasticity; (2) by prolonged 
heating at 390 to 440° C, temperatures at 
which plasticity is fully developed, to de- 
stroy partly the excess of bituminous sub- 
stances; and (3) by heating at about 
450° C, corresponding to the last stages of 
the plastic state. In the last instance the 
required period of heating was much re- 
duced. 

The Foxwell 103 apparatus was modified 
by Davidson. 121 The essential difference 
was the introduction of a differential gage, 
by means of which the rate of nitrogen 
flow through the system could be deter- 
mined at any given temperature. Heating 
was carried out rapidly to 250° C. The ni- 
trogen flow was then started and the rate 
of heating adjusted, as desired, to 1, 3, or 
5° C per minute. The pressure in the sys- 
tem and the rate of flow of nitrogen were 
noted at 5° C intervals. The change of 
coal to the plastic state was accompanied 
by an increased pressure of the system and 
a decrease in the rate of flow of nitrogen 
through the coal. When the pressure had 
increased to 12 cm of mercury, the flow of 
water into the nitrogen holder was cut off. 
The end of the plastic range was indicated 
by a sudden drop of pressure in the system. 

With some coals, during part of the test, 
the tube became completely blocked and 
no nitrogen passed through the coal; some 
of the gas evolved from the coal passed 
backward into the nitrogen holder, as indi- 
cated by a negative reading on the differen- 
tial gage. With poorly caking coals, when 
heated at the slow rate of 1° C per minute, 
no gas flowed back into the nitrogen holder. 

Each of 12 coals from Scotland and Eng- 
land was tested at rates of heating of 1, 3, 
and 5° C per minute. The temperature of 
the beginning of the plastic range was 

121 Davidson, W. t Fuel, 9, 489-92 (1930); 
Foundry Trade J. f 51, 61-5 (July 26, 1934). 


found to be independent of the rate of 
heating, whereas that at the end of the 
plastic range was raised with increased rate 
of heating. The maximum pressures in- 
creased with higher rates of heating. The 
data were correlated with the amounts of 
volatile matter evolved from the coals be- 
fore, during, and after their plastic ranges, 
and also with their Gray-Campredon cak- 
ing indexes. Blending experiments showed 
that, if the volatile matter retained by the 
coal at the end of the plastic range could be 
reduced, a coke having fewer fissures would 
be obtained. This was accomplished either 
by blending the coal with a material of 
low-volatile content, such as high-tempera- 
ture coke, or by the addition of a coal hav- 
ing a higher temperature for the end of 
the plastic range and a lower volatile con- 
tent at this temperature. 

Lambris 99 used the Foxwell test method 
in a comparative study of the effect of 
three methods of pretreatment upon the 
expansion pressure, degree of swelling, and 
agglutinating number of 4 coking coals. 
The three pretreatments were: (1) 3 
months' storage of the coal samples in 
stoppered glass vessels from which the air 
had not previously been excluded entirely; 

(2) preheating of the coals at 200° C in an 
atmosphere of nitrogen until complete loss 
of the expansion pressure was effected; and 

(3) extended treatment according to treat- 
ment 2 to cause complete loss of swelling 
power. The 4 coals had previously been 
tested in the fresh state and under condi- 
tion (1) for their softening points, 92 ex- 
pansion pressure, 3 degree of swelling, 51 and 
agglutinating number. 122 Foxwell curves 
were not determined on the fresh coals. 
The stepwdse degradation of coal properties 
was effected progressively by pretreatments 
12 3 

J., o. 

122 Meurice, A. A., CJialeur et ind v 4, 45-52 
(July 1923) ; Fuel,2, 305-8 (1923). 
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With treatment 1, the coals, after stor- 
age for 3 months, still showed expanding, 
swelling, and caking properties. The tem- 
peratures of "highest plasticity” of the 4 
coals fell within the temperature range of 
490 to 515° C and w r ere in good agreement 
with "softening temperatures” within the 
range 490 to 510° C for the same 4 coals, 
as determined by the penetrometer method. 
The penetrometer method gave softening 
temperatures within the range of 415 to 
425° C on the fresh coals, showing that 
storage for 3 months had markedly raised 
the softening temperature. 

With treatment 2, except for the coal of 
highest volatile content (26 percent, pure 
coal basis), the coals were no longer ex- 
panding; that is, the Foxwell curves w r ere 
straight lines. The exceptional coal still 
showed 22.3 percent by volume "'degree 
of swelling” and also caking properties. 
With treatment 3 all Foxwell curves w*ere 
straight lines, showing that plasticity had 
been destroyed completely; only caking 
properties w~ere still present. 

It was concluded that, by the stepwise 
pretreatments above described, the soften- 
ing point, expansion pressure, degree of 
swelling, and agglutinating value could be 
destroyed in the order named, one by one, 
without materially affecting the properties 
following in this series. 

Schlapfer and Muller 86 used a slightly 
modified Layng-Hathorne apparatus. Gas 
permeability curves (millimeters w r ater 
pressure as ordinates plotted versus tem- 
peratures in degrees Centigrade as ab- 
scissas) were determined at both rapid and 
slow rates of heating for 4 coals: Boltigen 
(Bern gas and coking coal, 86.3 percent 
dry, ash-free carbon) ; Neumiihl (Ruhr fat 
coal, 89.1 percent dry, ash-free carbon) ; 
Heinitz (Saar fat coal, 85.9 percent dry, 
ash-free carbon; and La Houve (Saar flame 
coal, 81.3 percent dry, ash-free carbon). 


With rapid heating the coking was ended 
at 600° C in 20 minutes. Softening tem- 
peratures between 350 and 400° C were 
observed, after which the gas pressures rose 
rapidly to their maxima and then fell rap- 
idly to low values. The Boltigen coal 
showed the highest resistance, about 568 
millimeters wrater gage, contrary to what 
might be expected from the weak coke pro- 
duced from this coal. The authors ex- 
plained this as due to the formation of a 
tough film, caused by agglutination of the 
non-melted portions with the melted bitu- 
men, w 7 hich then by progressive decompo- 
sition formed a brittle and friable coke. 
The noncaking La Houve coal, on the con- 
trary, gave a maximum resistance of only 
138 millimeters water-gage pressure on ac- 
count of the very small cementation of the 
particles and, therefore, small resistance to 
gas flow r . The Neumiihl and Heinitz coals 
showed intermediate resistances of 500 and 
244 millimeters water gage, respectively. 

Slow heating, up to 550° C in 2 hours, 
reduced the plasticity. Neumiihl coal alone 
preserved a real degree of cementation, 
shownng a resistance of 200 millimeters 
water-gage pressure. Boltigen coal no 
longer gave the same cementation, show- 
ing a resistance of only 138 millimeters 
w T ater-gage pressure. Heinitz and La 
Houve coals, each with resistances of 75 
millimeters w 7 ater-gage pressure, scarcely 
coked, and most of the residue could be 
shaken out as pow r der at the end of the 
tests. 

Gas permeability curves were determined 
at the slow heating rate on the 4 coals after 
preheating. All coals show r ed higher initial 
softening temperatures and lower maxi- 
mum pressures by this pretreatment. 

The results obtained by the gas-flow 
method w 7 ere compared with those found 
by the authors on the same coals with their 
dilatometer method. The swelling curves 



GAS-FLOW OR FOXWELL TEST METHODS 


213 


plotted from the results of the dilatometer 
method showed that the temperatures for 
the end of swelling coincided with those for 
maximum resistance in the gas-flow curves. 
It was concluded that the maximum resist- 
ance temperatures in the gas-flow test were 
not the points of maximum plasticity, as 
Foxwell had believed, but those of solid 
coke formation. This conclusion was in 
agreement with similar measurements made 
by Schimmel. 102 

Schlapfer and Muller concluded that a 
correct picture of the actual processes tak- 
ing place during coking could not be given 
from gas-permeability measurements. They 
advocated the use of either the wire sling 
penetrometer method of Greger 98 or the 
penetrometer method of Agde and 
Lyncker. 92 

Some 250 tests were made by the U. S. 
Bureau of Mines laboratory 87 » 8S * 89 > 90 with 
two modifications of the Layng and Ha- 
thorne method. Plastic-range curves were 
constructed by plotting pressures in milli- 
meters water gage as ordinates against 
temperatures in degrees Centigrade as ab- 
scissas. Characteristic points on the curve 
were the initial softening temperature at 
which the pressure first starts to increase, 
the solidification temperature, or the tem- 
perature of maximum pressure, and the 
maximum pressure. The values of maxi- 
mum pressure (resistances to gas flow) 
were not closely duplicable, and the tem- 
perature-pressure relationships were not 
sharply defined. As the method furnished 
but little reliable information that could 
not be more accurately and completely pro- 
vided by other methods it was discontinued 
as impracticable. 

Pieters 123 used a gas-flow method to test 
3 coals. The method provided useful in- 
formation for making satisfactory briquets 

123 Pieters, H. A. J., Reo. trav. chim., 50, 
860-4 (1931) ; Fuel, 10, 443-5 (1931). 


from coals of various mesh sizes and dif- 
ferent amounts of ordinary and oxidized 
tars. 

Roga 124 used a modification of the Fox- 
well method. Increased rates of nitrogen 
flow gave higher maxima for the plasticity 
curves. The shape of the curves was af- 
fected also by the use of coal of different 
grain sizes, especially with the finer sizes. 
Plasticity increased with rate of heating 
owing to the melting of bituminous sub- 
stances preceding their decomposition. For 
coking coals the plastic state was observed 
without exception but was not developed 
in all gas- and gas-flaming coals. 

Damm and Korten 125 used Foxwell 
curves to establish the temperature limits 
of the preheating (degasification) and plas- 
tic (degasification during fusion) zones of 
degasification. 

Chorazy 30 correlated the results of plas- 
ticity tests obtained by a modification of 
the Foxwell method with results of pyri- 
dine absorption tests. Plasticity of the 
coals was developed at temperatures simi- 
lar to those at which pyridine-vapor ab- 
sorption was enhanced. The changes tak- 
ing place before and during the plastic 
stage could be evaluated from the amount 
of pyridine vapor absorbed by previously 
heated coals. 

Chorazy 126 also determined the plastic 
properties of 7 Polish coals. Three of the 
coals were noncoking and exhibited no 
plasticity. For 4 Polish coals, whose per- 
manganate reactivity indexes were 61 or 
less, the shape of their Foxwell curves 
showed a regular dependence of the plastic 
property of the coal on its content of hy- 
drocarbons and resins; the higher the maxi- 
mum resistance, or maximum pressure, 

124 Roga, B., Przemysl Chem., 15, 305-13 
(1931). 

125 Damm, P., and Korten, F., G-lticJcauf, 67, 
1339-45 (1931). 

i26Cliorazy, M., Fuel, 13, 294-9 (1934). 
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point on the curve, the higher was the hy- 
drocarbon and resin content. 

Hofmeister 127 used a simplified Foxwell 
apparatus to determine the plastic range 
of 7 German coking coals of known ash 
and volatile-matter content. The effect of 
the rate and manner of heating received 
special study. Increasing the heating rate 
from 1-4 to 10° C per minute shifted the 
characteristic temperatures and the maxi- 
mum pressures to higher values. Lower 
heating rates, such as 1° C per minute, 
were recommended. Sudden heating of the 
coal during the period of the rising portion 
of the temperature-pressure curve gave a 
residue, which was caked uniformly on the 
edges, but only feebly sintered, and even 
partly granular, on the inside. The maxi- 
mum pressure on the curve, therefore, in- 
dicated only the point of smallest gas per- 
meability and permitted no conclusion to 
be made about the temperature of resolidi- 
fication of the coal mass. The results were 
correlated with data obtained for caking 
numbers, expansion pressures, and pre-, 
during-, and after-degasification determina- 
tions as functions of the temperatures to 
which the coals were heated. The coking 
coals were characterized from these data as 
to their relative coking properties. 

Gieseler 209 modified the Lavng and 
Hathorne test method so that the coal 
was heated uniformly and its temperature 
measured accurately. He agreed with Hof- 
meister on the effect of sudden heating 
during the period of the rising portion of 
the temperature-pressure curve, on the re- 
solidification temperature of the coal, and 
on the nature of the caked residue. Proof 
of this w T as offered in the fact that, whereas 
the 10 coals tested showed excellent agree- 
ment between their softening point values, 
as determined by the gas-flow method and 

127 Hofmeister, B., GlucJcauf, 65, 405-11 

(1932). 


the Sehimmel penetrometer method, 4 of 
the 10 coals gave resolidification tempera- 
tures that were 22 to 32° C lower by the 
gas-flow test. In these coals, even in the 
temperature region in which the pressure 
was already decreasing, that is, after the 
“ma ximum pressure” had been observed, 
the charge was still strongly swollen, very 
plastic, and frothy. The pressure decrease, 
therefore, had set in before solidification of 
the coal had taken place. One must con- 
clude, therefore, that the earlier interpre- 
tations of the Foxwell curves of such coals, 
which defined the plastic range from the 
softening to the maximum pressure points, 
giving a softening zone of only about 50° C, 
were incorrect. 

Further modifications of the gas-flow test 
method were also made by Gieseler, 24 so 
that it was possible to determine the gas 
flow-temperature relations as well as to ob- 
serve visually what was occurring during 
the test, especially whether the coal sin- 
tered, caked, and swelled. The tempera- 
tures of softening and resolidification of 9 
Ruhr, 4 Lower Silesian, and 6 Upper Sile- 
sian coals were determined both by this 
gas-flow and by the Sehimmel penetrome- 
ter test method. The degree of swelling 
was determined also by the latter method 
on the same coals. The volatile-matter 
cpntent of the coals from the three sources 
ranged from 17.3 to 26.0, 24.7 to 34.8, and 
29.6 to 36.3 percent (pure-coal basis), re- 
spectively. The temperatures of the be- 
ginning and of the end of swelling were ob- 
served, and the ratio of the volume of 
semicoke formed to that of the original coal 
charge was determined. 

The degree of swelling for the Ruhr 
coals increased regularly with the increase 
in their volatile content and their soften- 
ing zone as determined by the penetrome- 
ter method; this regularity did not hold 
with the Lower and Upper Silesian coal 
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samples. Foxwell (temperature-pressure) 
curves were constructed for 3 coals from 
each district, and the corresponding tem- 
peratures of softening and resolidification 
found by the penetrometer method were 
marked on the appropriate curves. Sof- 
tening temperatures by the two methods 
showed fair agreement, but the resolidifi- 
cation temperatures by the penetrometer 
method were sometimes below, sometimes 
at, and sometimes above the temperatures 
corresponding to maximum pressures on 
the Foxwell curves. Comparative meas- 
urements of temperatures by the pene- 
trometer method made at the center of the 
coal pellet and in the outside salt bath 
showed that the greatest difference over a 
temperature range from about 320 to above 
550° C was within 3° C for each of the 4 
coals tested. 

Ping 128 used a slightly modified Layng 
and Hathorne apparatus. Seventeen Chi- 
nese coals were tested for their fusion point, 
solidification point, pressure at fusion point, 
pressure at solidification point, and swell- 
ing coefficient (length of coke divided by 
length of coal). Seven of the coals also 
showed an “initial softening point; ” defined 
as the temperature corresponding to a sud- 
den reduction in pressure after the mois- 
ture had been expelled from the charge. 
Ratios of the pressure differences (between 
solidification and fusion points) to the 
plastic temperature ranges, designated as 
P.D./P.R. ratios, did not show any con- 
sistent relationships with the rank or other 
properties of the coals. 

Davies and Mott 82 used an apparatus 
almost identical with that of Foxwell. The 
calculation of m by Foxwell was criticized 
because his coal charge was free to expand. 
Davies and Mott kept their coal charge at 

128 Ping, K., Bull. Geol. Survey China 21, 
4:5-56 (1933) ; Contrib. Sin. Yuan Fuel Lai., 
Geol. Survey China, 10 (July, 1933), 14 pp. 


a constant volume and plotted pressures 
directly against temperatures. The maxi- 
mum resistance tended to decrease with de- 
creased carbon content of the 13 English 
coking coals tested. 

Agde and Winter 129 used the Foxwell 
method to determine the effect of oxidation 
by air in certain temperature zones of sof- 
tening and rehardening of 4 Westphalian 
coals. The coals were oxidized at 100° C 
for various periods of time up to 300 
hours. This pretreatment caused the sof- 
tening temperatures of 2 coals to be raised, 
but produced no change in the other 2. 
The height (maximum resistance) of all 
Foxwell curves was reduced, and the hard- 
ening or setting point was increased in all 4 
coals. The quality of coke from the oxi- 
dized coals was poor. The theory of Lam- 
bris 99 on the effect of oxidation upon 
plastic properties was confirmed in part, 
whereas theories of Foxwell 103 and of 
Layng and Coffman 115 were refuted. 

Coufalik 108 used a modified Foxwell pro- 
cedure to study the influence of certain 
factors. It was found that grain sizes of 
coal, 0.1, 0.25, 0.50, and 1 millimeter, gave 
the same plastic temperature ranges but 
higher maximum resistances with increase 
in size of coal. Rates of gas flow between 
40 and 75 cubic centimeters per minute did 
not affect appreciably the plastic tempera- 
ture range, but increased rate of flow raised 
the values of maximum resistances. A rate 
of 40 to 60 cubic centimeters per minute 
was proposed as standard. Plates of heat- 
ing of 10° C per 3 minutes, 10° C per min- 
ute, and 20° C per minute gave higher 
maximum resistances, respectively, but did 
not change the plastic temperature range. 
Fresh samples and thorough mixing, to in- 
sure the same proportions of petrographic 

129 Agde, <3-., and Winter, A., Brennstoff-Chem., 
15, 64-7 (1934). 
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constituents in duplicate samples, were rec- 
ommended. 

Bunte 130 determined the “softening be- 
havior” or resistance to gas flow by the 
Foxwell method. The study included Hei- 
nitz, Radbod, Hannover Hannibal, Bonifa- 
tius, Esehweiler, Hohenzollern, and Glei- 
witz fresh coals ; the bright, dull, and 
fibrous fresh portions of the typical Heinitz 
gas coal; its bright portion after 1 and 3 
months’ storage; Esehweiler expanding and 
Gleiwitz coking coals after the same peri- 
ods of storage; and several different blends 
each of Esehweiler and Hohenzollern and 
of Heinitz and Leopold coals and a 50 : 50 
blend of Hannover Hannibal and Hugo 
coals. Coals of 0.5- to 1.0-millimeter grain 
size, a nitrogen flow of 50 cubic centime- 
ters per minute, and a heating rate of 1° C 
per minute were used. 

The first 4 coals showed decreasing maxi- 
mum resistances to gas flow in the order 
named, which is also the order of decreas- 
ing geological age of these coals. This was 
to be expected on account of polymeriza- 
tion of the bitumens. The data obtained 
were plotted in the usual way, that is, re- 
sistance to gas flow in millimeters tvater- 
gage versus degrees Centigrade, as well as 
in dp/dt (change of pressure with time) 
curves. The rising portion of the dp/dt 
curve was designated the “liquefaction ve- 
locity” curve. A low liquefaction velocity, 
corresponding to a steep curve, and a rapid 
resolidification followed by a steep descend* 
ing dp/dt curve were requisite for good 
coke formation. 

Foxwell curves for the bright, dull, and 
fibrous portions of the typical Heinitz: gas 
coal and for the fresh coal as a -whole 
showed that the curve for the fresh coal lay 
between the proportionally higher curve 
for the bright and the lower curve for the 

130 Bunte, E., Gas- u. Wasserfach, 76, 685-93 
(1933). 


dull coal. The fibrous coal did not melt 
and showed no resistance. Storage of the 
bright coal for 1 and 3 months reduced 
plasticity in that order. Similar effects 
were produced on the expanding Esch- 
w^eiler and Gleiwitz coking coals after stor- 
age for the same periods. The former was 
changed greatly with storage, the latter 
very little. The effects produced by stor- 
age correlated well with the relative rates 
of oxygen absorption for the different types 
of coal. 

Resistances to gas flow were determined 
for 75 : 25, 65 : 35, 50 : 50, and 25 : 75 
blends of Esehweiler and Hohenzollern 
coals, respectively, for 75 : 25, 50 : 50, and 
25 : 75 blends of Heinitz and Leopold coals, 
and for a 50 : 50 blend of Hannover Han- 
nibal and Hugo coals. The “softening be- 
havior” (Foxwell) curves and the “lique- 
faction velocity” curves showed that the 
effect of blending two coals cannot be es- 
tablished entirely from the curves of the 
blended constituents. Coke yields also 
were greater than predicted from the prop- 
erties of each constituent. 

Yields of gas at temperatures up to 
500° C and the volumetric and gravimetric 
rates of change of gas evolution were de- 
termined for a number of coals. Because 
of polymerization of the bitumen, the evo- 
lution of gas occurred at higher tempera- 
tures with the increasing geological age of 
the coals. Comparison of these results 
with Foxwell and dp/dt curves showed the 
value of laboratory tests in relation to ex- 
pected behavior of the coals and blends in 
coke-plant practice. 

Bunte and Lohr 131 made a critical study 
of the gas-fiow r test apparatus and proce- 
dure and of the effects of various pretreat- 
ments (sizing, aging, preheating, and blend- 
ing) of the coal sample on the test results. 

131 Bunte, K., and Lohr, H„ Gas- u. Wasser - 
fach, 77, 242-7, 261-9 (1934). 
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Twenty-six coals, mostly from the Ruhr 
district, ranging in volatile-matter content 
from 14.4 to 42 percent (pure-coal basis), 
were studied. Nine series of blends, 18 in 
all, containing different proportions of two 
different coals, also were investigated. Re- 
producibility of duplicate measurements on 
the same coal was good, except for the 
maximum resistance values, for which the 
differences were attributed to variations in 
proportions of petrographic constituents in 
individual samples. Checks of 0 to 3° C 
for the “semicoke point” were claimed. 

Proximate analyses and crucible tests 
were carried out on the 26 individual coals 
and correlated with the data of the gas- 
flow tests. Coals containing less than 15 
percent volatile matter did not fuse. Cok- 
ing coals containing 15 to 18 percent vola- 
tile showed high softening and semicoke 
temperatures. Coals with a volatile con- 
tent above 18 percent had softening points 
under 400° C and higher “semicoke” points, 
and, consequently, gave broader melting 
zones. The relationship between the con- 
tent of volatile matter and the height of 
the maximum resistance was very irregular. 
The caking qualities were estimated much 
better from Bochum crucible test results 
than from the volatile-matter contents of 
the coals. 

Sixteen blends, each consisting of 2 coals 
of different swelling and caking properties 
and blended in various proportions, were 
tested by the gas-flow method. The results 
of these tests were compared with those of 
the individual coals used in blending. The 
usual method of plotting the test data gave 
curves which were difficult to interpret. A 
better method of evaluation was found in 
the dp/dt curves. The maximum value of 
dp/dt defined the point of maximum plas- 
ticity. The corresponding temperature lay 
between the softening and semicoke tem- 
perature points; thus, the ascending por- 


tion of the usual gas-flow curve could be 
divided into two temperature segments 
which could be so related to each other as 
to offer a better explanation of the melting 
ability of coal blends. 

The plastic behavior of a coal blend 
could not be predicted from that of the 
individual constituent coals. Significant 
points to be noted in the dp/dt curve were 
the temperature range in which the coke is 
a fused mass, the speed with which the 
penetration of gas decreases, and the rate 
of change of viscosity (slope of the curve) 
before and after the maximum. The dp/dt 
curve should rise slowly within a range of 
40 to 50° C and then fall rapidly. For a 
satisfactory coke a maximum resistance be- 
tween 100 and 200 millimeters water gage 
was recommended. 

Bunte, Bruckner, and Ludewig 132 de- 
vised an apparatus in which softening be- 
havior, degree of swelling, and volumetric 
and gravimetric yields of gas evolved from 
a coal could be studied simultaneously un- 
der like conditions of heating. Tests 'were 
made on 7 German coals. These included 
a Ruhr gas flame coal, an Upper Silesian 
gas flame coal, an Upper Silesian coal dust, 
a Saar gas coal, an Upper Silesian coking 
coal, a coking coal from the Wurm dis- 
trict, and a Ruhr lean coal. They con- 
tained 35.6, 32.9, 31.2, 32.9, 28.1, 17.9, and 
12.6 percent of volatile matter (air-dry 
basis), respectively. Only the Saar gas 
coal and the two coking coals showed 
plasticity. The data were calculated and 
plotted in the usual way and also according 
to dp/dt curves similar to those described 
by Coffman and Layng. 116 

Bruckner and Ludewdg 133 employed the 
same apparatus to determine the fusion be- 

132 Bunte, K., Briickner, H., and Budewig, W., 
Gluckauf , 69, 765-70, 950 (1933). 

133 Briickner, H., and Budewig, W., Brennstoff- 
Chem.j 15, 301-5 (1934). 
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havior of 2 noncoking (Fiirst Leopold and 
Hohenzollern) , of 3 coking (Heinitz, Glei- 
witz, and Eschweiler) coals, and of the 
bright and dull constituents of these coals. 
Only the bright constituent of the coking 
coals showed both fusion and swelling. The 
dull portion of the Gleiwitz coal, because 
of its higher bitumen content, exhibited fu- 
sion without swelling and, therefore, was 
termed “pseudo” dull coal. Mixtures of 
dull and bright, older, coking coals gave 
reduced pressure resistances and shorter 
fusion ranges than the coals themselves. 
The data obtained were compared with cru- 
cible and volumetric degasification test re- 
sults. Crucible tests gave higher contents 
of volatile matter for the corresponding 
dull coals; considerably higher than calcu- 
lated averages for mixtures of coking coals; 
and somewhat lower than calculated aver- 
ages for noncoking coals. The deviations 
were attributed to the mutual interaction 
of bitumens which affected their behavior 
on thermal decomposition. The volumet- 
ric gasification tests showed that the dull 
and bright coals yielded similar volumes of 
gas, despite the difference in content of 
volatile matter. Caking indexes for the 
mixtures lay between values for dull and 
bright coals, the bright coals having the 
highest. 

Bunte, Bruckner, and Sanjana 184 also 
used this method to determine the soften- 
ing range of 10 Indian coals and of their 
petrographic constituents. The results 
were correlated with the results of proxi- 
mate and ultimate analyses and ash-soften- 
ing temperatures. Indian coals high in ash 
(12 to 13 percent) and in volatile matter 
(42 percent, dry, ash-free basis) produced 
good cokes because of their high content of 
£ and 7 constituents. 

134 Bunte, K, BrSekner, H., and Sanjana, J., 
Brennstoff-Chem 16, 50-2 (1935) ; Fuel ., 14 , 
350-64 (1935). 


Bruckner and Greve 185 also used the 
method of Bunte, Bruckner, and Lude- 
wig 132 to determine the plastic properties 
of a Saar gas coal (Heinitz) and a Ruhr 
coking coal (Zollverein), of certain of their 
petrographic constituents, and of blends of 
these constituents. The maximum pressure 
and the degree of swelling’ of the bright 
coal portions were higher than those for 
the coals themselves, whereas these values 
for the dull coal portions were lower. The 
fusain portion of the Heinitz coal showed 
small pressure. The Zollverein coal showed 
greater swelling than the Heinitz coal, but 
this order was reversed for the bright-coal 
portions. Swelling was reduced with in- 
creasing proportions of dull coal in the 
dull-bright coal blends. The swelling of 
a 90 : 10 bright : fusain blend of Heinitz 
coal 'was less than that of the 80 : 20 
bright : dull coal blend. Pressures obtained 
by the gas-flow method for the blends did 
not correspond with those calculated from 
the mean values by the law of proportions. 

Bunte and Imhof 136 also used this 
method to determine the plastic and gravi- 
metric degasification properties of repre- 
sentative German coals: (1) a noncaking, 
sintering coal from Upper Silesia; (2) a 
nonexpanding, caking coal from the Saar 
district; (3) a coal from the Saar district 
intermediate in properties between these 
two; and (4-5) two expanding, caking 
coals, one from Upper Silesia, the other 
from the Wurm district. The 5 coals, in 
the order named, contained 38.6, 33.8, 34.2, 
27.8, and 19.0 percent volatile matter (pure- 
coal basis), respectively. 

Coal 1 showed only about 8 millimeters 
maximum water pressure at 420° C. Coal 
2 gave a maximum pressure of about 1,000 


135 jtsrucKner, 


ana Ureye, 


— , — , Brennstoff- 

Ghem 17, 43-5 (1936). 

136 Bunte, K., and Imhof, H., Gas- u. Wasser 
faeh, 82, 805-12 (1939). 
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millimeters water pressure at 420° C with 
both a 10- and 5-gram sample. Coal 3 
gave a maximum pressure of 450 millime- 
ters water pressure at 440° C. Coal 4 
showed a maximum pressure of 340 milli- 
meters at 480° C, whereas coal 5 gave a 
maxiihum of 50 millimeters water pressure 
at 490° C. 

Gas-flow tests were made on coal 4 
after certain pretreatments which included 
studies of the effects of (a) standing in 
pyridine vapor for 10 days, ( b ) 15 percent 
addition of coke powder, (c) 1 percent ad- 
dition of boric acid, ( d ) preheating in ni- 
trogen for 4 hours at 390 and at 460° C, 
and (e) preheating in air for 4 hours at 150 
and at 250° C. The maximum pressure of 
340 millimeters water gage obtained in the 
Foxwell tests for the untreated coal was 
reduced by all treatments. Pyridine vapor 
treatment reduced the millimeters of pres- 
sure to 30, addition of coke powder to 75, 
addition of boric acid to 165, preheating in 
nitrogen at 390° C to 68 and at 460° C 
practically to zero, and preheating in air 
at 150° C to 14 and at 250° C to zero. 

Kaatz and Richter 27 made a detailed ex- 
amination of the gas-flow method. Studies 
on the effect of different grain sizes of coal 
showed that duplicate results could not be 
obtained with a grain size maximum of 0.2 
millimeter. Maximum grain sizes of 0.49 
and 1.02 millimeters gave corresponding 
“maximum resistance” values of 150 and 
850 millimeters water-gage pressure. The 
1.02-millimeter size was adopted as stand- 
ard. 

Classification of the- “maximum resist- 
ance” values of 2 Westphalian, 5 Saxon, 
and 1 Silesian coals was made according to 
three groups: (1) less than 20 millimeters, 
(2) 20 to 100 millimeters, and (3) more 
than 100 millimeters. The maximum re- 
sistance developed, by a blend could not 
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be estimated from those of the individual 
coals. 

Lum and Curtis 137 studied the influence 
of various factors in the gas-flow method. 
The authors believed that, “with a given 
apparatus and a given coal, the variables 
which most influence the results obtained 
are presumably the following: rate of gas 
flow through the coal charge, packing of 
the crushed coal in the fusion tube, screen 
analysis of the coal used, and rate of 
heating as softening point is approached, 
and during the plastic stage.” A review 
of certain earlier investigations, namely, 
those of Foxwell, 103 Layng and cowork- 
erSj n 2 , us, ns Lloyd, 118 Ball and Cur- 
tis, 18 and Bunte and Lolir, 131 revealed 
wide differences in the values selected for 
the five variables named above. After con- 
siderable preliminary study, Lum and Cur- 
tis chose a set of tentative standard values. 
By keeping all of them the same from test 
to test, except only the factor purposely 
changed for study, the extent to which 
each variable altered the results obtained 
was determined. The apparatus was es- 
sentially the same as that of Ball and Cur- 
tis, 18 except that the gas pressure was 
measured in the gas space below the coal 
charge by a manometer connected near the 
bottom of the fusion tube. Temperature 
measurements taken in the center of the 
coal charge also eliminated the uncertainty 
of the temperature record observed by 
some earlier investigators. 

The effects of these variables upon the 
course of the gas pressure-temperature 
curve for Lower Kittanning coal from Col- 
ver, Pa., were studied. It was found that 
rates of gas flow between 2.9 and 12 cubic 
centimeters per minute per square centi- 
meter cross section of the coal tube did not 
affect the temperature of initial softening 

137 Lum, J. H., and Curtis, H. A., Ind. Eng. 
Ghent., Anal. Ed., 7, 327-33 (1935). 
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(first increase in pressure) or the tempera- 
ture of maximum resistance to gas flow. It 
was considered probable that very high 
rates would change these observed tem- 
peratures. The maximum gas pressure at- 
tained varied widely, even for the same 
rate of gas flow in successive experiments. 
Elimination of the fines below 50-mesh 
screen (30.6 percent) resulted in a slight 
increase in the initial softening tempera- 
ture, a lower maximum pressure, and a less 
regular slope in the gas pressure tempera- 
ture-curve for the higher temperatures. 
Rates of heating between 1 and 4° C per 
minute were found to give but little in- 
crease in temperatures of initial softening 
and of maximum pressures with increased 
rates. 

Chandesris 77 used the Foxwell method 
at heating rates of 5° C per minute up to 
325° C, and 2° C per minute from 325 to 
500° C. Tests on Saar coals, before and 
after successive extractions with tetralin, 
pyridine, and quinoline, led to the follow- 
ing conclusions: (I) With removal of ex- 
tractible material, real changes in the sof- 
tening behavior were effected. However, 
tests on the residue after the triple extrac- 
tion indicated that even with removal of 
carboids and certain humic materials the 
residue still possessed softening properties. 
(2) Gas permeability increased consider- 
ably more in dull than in bright coals to- 
ward the end of their softening, as indi- 
cated by the more rapid falling off of the 
last segment of the Foxwell curve. (3) 
The Foxwell curves of certain coals indi- 
cated individual points that appeared to be 
related to the beginning of melting of a 
bitumen whose melting point was always 
above 400° C and whose effect made itself 
evident by the marked fall of the curve at 
the end of softening. Such coals formed 
“spongy” cokes under these laboratory cok- 
ing conditions. 


Torsional or Resistance of Mass to 
Shear Test Methods 

Test methods measuring the resistance of 
the heated coal charge to shear caused by 
an applied known torque have received fa- 
vorable attention since the pioneer work of 
Davis 138 in 1931. Two general adapta- 
tions of this principle have been made. 
In the Davis plastometer method the coal 
charge as a whole is rotated and stirred; 
the property measured is the resistance to 
shear of the partly fused coal adhering to 
the periphery of the retort. The resistance 
is created by the movement of the coal in 
the retort against rabble or stirring arms 
on an inside shaft, which is prevented 
from free rotation by a set of tension 
springs. With increase in the fluidity of 
the heated coal a decrease in the resistance, 
or torque, is noted. In the Gieseler plas- 
tometer method 110 the coal charge is static 
at first but is later stirred at a rate pro- 
portional to the fluidity developed in the 
coal Rotation of ' the stirring shaft is 
caused by the application of a constant 
torque force on the shaft. With increase 
in fluidity of the heated coal, the rate of 
rotation of the stirring shaft increases. 

Since 1931, extensive experience with this 
test method in the U. S. Bureau of Mines 
laboratories S7 > 8S> 89 » 90 » 91 and elsewhere 139 
has shown that the original design of the 
plastometer and the test principle of meas- 
urement were basically sound. Some of 
the constructional features of the original 
apparatus have been changed in minor re- 
spects to insure smoothness in operation of 
the apparatus. 

Figure 5 shows ‘a vertical section through 

13S Davis, J. D., Ind. Eng. Chem Anal. Ed., 
3, 43-5 (1931). 

139 Yer. Elericachung Kraftwirt. Ruhrzechen, 
JaJiresber. 1931-1982, 35; GlucJcauf, OS, 737 
(1932) ; Gieseler, K., Gluchauf, 70, 178-83 
(1934). 
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the plastometer in its present form. The 
technique used at present is to charge IS 
grams of 0- to 20-mesh (Tyler sieve) coal 
into the retort, which is then fully assem- 
bled by screwing on the cap end connected 
to the thermocouple well. The retort is 
placed in the furnace, the thermocouple 
inserted in the well, and the retort rotated 
at a constant speed of 1.5 rpm. The elec- 


formed is then quickly broken up, and 
resistance to rotation virtually ceases, thus 
indicating the end of the plastic tempera- 
ture range. The resistance, or torque, nec- 
essary to prevent rotation of the inner 
shaft, caused by movement of the coal 
charge against the rabble arms, is meas- 
ured by the position of an indicating dial 
with respect to a pointer index. 



trie furnace is regulated to give an overall 
rate of heating of 4.8 ± 0.2° C per minute 
and a rate of 3.0 ± 0.1° C per minute from 
300° C to the end of the test, around 
500° C. 

When the temperature of the plastic 
range, of the coal is reached, the charge 
becomes viscous and resistance to rotation 
of the retort develops rapidly. With in- 
creasing temperature the resistance, after 
a slight increase, usually decreases, because 
the coal then attains its maximum fluidity. 
Some low-volatile bituminous coals do not 
show this decrease in resistance. As heat- 
ing is continued, chemical and physical 
changes in the coal cause the charge to 
become more and more viscous and, finally, 
to solidify into semicoke. The coke 


Corresponding temperatures and resist- 
ances are observed and recorded at 2- to 
5-minute intervals throughout the entire 
plastic temperature range. Preliminary 
measurements of the temperature of the 
coal charge by a thermocouple inserted in 
the coal within the retort have established 
that the temperature here was 10° C lower 
than the corresponding temperature ob- 
served routinely by means of the thermo- 
couple in its usual position in the thermo- 
couple well. The observed temperatures 
were corrected to “true” temperatures of 
the coal charge by the addition of 10° C to 
each observed temperature reading. 

The resistances, in pound-inches or kilo- 
gram-centimeters, are plotted as ordinates 
against the “true” temperatures as abscis- 
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sas. From these curves, it has been found 
possible to classify the plastic properties 
of bituminous coking coals and to show the 
relation of these properties to carboniza- 
tion characteristics, both for coals of the 
different bituminous groups and for indi- 
vidual coals within these groups. Charac- 
teristic temperature points on the curve 
are: (1) the fusion temperature, at which 
resistance first develops; (2) the tempera- 
ture or temperature range of maximum 
fluidity, at w T hich the resistance again be- 
comes low — the so-called “minimum resist- 
ance”; (3) the solidification temperature, 
at which the plastometer shows maximum 
resistance; and (4) the temperature de- 
fining the end of the plastic temperature 
range, at which the resistance becomes 
zero. Comparisons of these temperature 
points obtained on two different coals and 
the shape of their curves resulting from 
plotting temperatures in degrees Centigrade 
as abscissas against resistances in pound- 
inches as ordinates usually brings out in- 
formation from which the coking proper- 
ties of the two coals can be predicted with 
more or less certainty. For example, if 
the minimum resistance is high, or, as in 
some low-volatile coals, is not well-defined, 
the coal usually cannot be coked alone in 
a commercial oven without damage to the 
oven walls. When the temperature range 
of the maximum fluidity is long, namely, 
when the minimum resistance is low over 
a wide temperature range, the coal has 
well-defined fusion characteristics; in some 
instances, the coal is even too fluid to pro- 
duce strong coke. A large maximum re- 
sistance indicates that such a coal should 
and usually does produce a strong coke. 
The plastometer test results also have been 
useful in indicating the composition of coals 
in respect to their petrographic composi- 
tion and in the determination of the effect 


of stepwise oxidation of coking coals on 
their coking properties. 140 

Pieters and coworkers 141 measured the 
torque resistance offered to a needle that 
moved laterally in an arc-shaped course 
through the heated coal charge. Six vitrain 
fractions selected from successive seams of 
the Limburg field showed that, with de- 
crease in volatile-matter content (increase 
in rank) of the coals, the fluidity de- 
creased, as shown by the increase in the 
minim um resistance values. The 4 coals 
with volatile-matter content ranging from 
24.3 to 30.6 percent showed about the same 
order of fluidity, but the coal with 30.6 
percent volatile matter did not maintain 
its fluidity over as long a temperature 
range as the other 3. The 2 low-volatile 
coals did not become nearly as fluid, and 
the fluidity did not last long. Such results 
agree with those by other workers. 

The effect of the rate of heating was 
determined on the two low-volatile coals 
5 and 6 containing 19.3 and 19.6 percent 
volatile matter, respectively, and on coal 
3 containing 25.3 percent volatile matter. 
In the discussion of the data obtained, the 
authors stated, “We see that coal number 
6, which when heated at a rate of 3° C 
per minute hardly softened at all, reaches 
a state of considerable fluidity when it is 
heated at the rate of 6 to 7° C per minute. 
Exactly the reverse takes place with a coal 
of lower rank.” Apparently, the authors 
intended the last sentence to apply to coal 
3. In that sense, the conclusion was erro- 
neous, because all the curves for the differ- 
ent rates of heating with each coal showed 
that the fluidity was increased in each coal 

140 Brewer, R. E., Holmes, C. R., and Davis, 
J. D., Ind. Eng. Chem ., Anal. Ed ., 32, 792-7, 
930-4 (1940). 

Pieters, H. A. J., Koopmans, H., and 
Hovers, J. W. T., Fuel, 13, 82-6 (1934) ; see 
also Pieters, H. A. J., and Koopmans, H., Bet 
Gas, 53, 539-45 (1933) ; Chem. Al)8., 28, 2500 
(1934) ; and ref. 75. 
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with increased rate of heating. The false 
conclusions may have been due to a reverse 
order of tabulating the three rates of heat- 
ing and also a reverse order of use of full, 
long dash, and short dash lines for the 
three curves of coal 3, as compared with 
the orders of tabulation and curve repre- 
sentations for coals 5 and 6. 

■ Resistant plant remains as they occur 
in durains caused little change in the tem- 
perature range of plasticity but lowered 
the attained fluidity. The effect of oxida- 
tion was to shorten the plastic temperature 
range and lower the fluidity of the coal. 
Coal 3, when heated at 3° C per minute, 
gave a plastic temperature range of 413 to 
522° C and 2.5 grams minimum resistance. 
The width of the plastic range was short- 
ened and the maximum resistance was in- 
creased by preheating the coal in an oxy- 
gen atmosphere. Heating for three quar- 
ters of an hour at 200° C resulted in a 
plastic range of 420 to 489° C and a maxi- 
mum resistance of 9 grams, and for the 
same time at 250° C a plastic range of 
441 to 489° C and a maximum resistance 
of 15 grams. 

The influence of increased pressure used 
in briquetting the coal charge was to give 
a wider temperature range of plasticity. 
Beyond a pressure of 2,500 kilograms per 
square centimeter the effect was not ap- 
preciable. This latter pressure was used as 
standard in all the tests whose results have 
been cited above. 

In their later paper, 75 Pieters and co- 
workers reported results obtained at a heat- 
ing rate of 2° C per minute on 13 vitrains, 
ranging in volatile-matter content from 
16.8 to 34.8 percent {dry, ash-free basis). 
The lowest temperature at which fluidity 
could be measured was higher by this tor- 
sion method than the beginning of fusion 
as determined at the same rate of. heating 
by their dilatometer method. The coal 


also was still fluid at the temperature at 
which expansion was completed in the 
dilatometer test, thus showing that the so- 
called solidification temperature by the 
dilatometer method really represented a 
state of equilibrium between the internal 
pressure developed in the coal charge and 
the external pressure of the dilatometer 
piston on the charge. Temperatures at 
which the 13 coals attained the same fluid- 
ity in the torsion method were joined in a 
diagram in which these temperatures were 
plotted against the fusion points of the 
coals. Areas defined by fluidities of 0, 2, 
5, 10, and 25 scale readings were called 
“lakes of fluidity” and showed that only a 
limited number of coals were fluid enough, 
for a given rate of heating, to be consid- 
ered coking coals. 

Gieseler 110 used a coal charge that was 
static at the start of the test and that was 
stirred later at a rate dependent upon the 
fluidity of the heated coal. The resistance 
to stirring, or torque, was measured in 
terms of the rate of rotation of a stirring' 
shaft under the application of a load of 
75 or 100 grams on a loading pan. Heating 
was carried out at a rate of 3° C per 
minute. The rate of rotation increased 
with increased fluidity of the coal to a 
maximum at “maximum fluidity” {highest 
value of plasticity), and then decreased to 
zero at the “point of resolidification” of the 
coal. The temperature difference corre- 
sponding to this period of rotation was 
designated as the “softening zone.” Read- 
ings of temperatures in degrees Centigrade 
and pointer movements in angular degrees 
on the circular scale were made each min- 
ute. 

Six Ruhr, four Lower Silesian, and four 
Upper Silesian coals — one a blend — -whose 
softening properties had been determined 
by the Schimmel penetrometer method in 
an earlier investigation 24 were tested by 
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the torsion method. Gieseler stated that 
the samples had been stored for more than 
a year in well-closed, glass-stoppered ves- 
sels, and that the Silesian coals especially 
had lost their caking capacity. Strangely, 
however, the softening zones reported by 
the two methods used in the two investi- 
gations showed excellent agreement. 

In the Ruhr coals (volatile-matter con- 
tent, 17.3 to 26.0 percent, pure-coal basis) 
the maximum value of plasticity (maximum 
fluidity), expressed in angular degrees, in- 
creased regularly with increase in volatile 
matter, or decrease in rank, of these coals. 
The Lower Silesian coals (volatile matter, 
24.7 to 34.0 percent, pure-coal basis) did 
not show much regularity. The values of 
maximum plasticity were between 14 and 
39, but not in the strict order of the vola- 
tile content. The Upper Silesian coals 
(volatile matter, 29.6 to 36.2 percent, pure- 
coal basis) showed a decrease in their maxi- 
mum plasticity values with increasing con- 
tent of volatile matter. Excluding, for the 
moment, the Lower Silesian coals, the maxi- 
mum values of plasticity increased regu- 
larly with decreasing rank of the coals 
through the Ruhr coals up to the Upper 
Silesian gas coal containing 29.6 percent 
volatile matter (pure-coal basis) and then 
decreased regularly. This general trend 
has been observed also by later work- 
ers. 142 ’ 65 ’ 91 The relationship is not 
strictly a linear one. Oxidation and petro- 
graphic composition modify the relation to 
a great extent and may account for the 
irregularities. 

Gieseler plotted the plasticity number 
expressed in angular degrees as ordinates 
against temperature in degrees Centigrade 
as abscissas. Readings in angular degrees 
below 1 were plotted on a tenfold scale to 
those above 1, so as to show more clearly 
the beginning of softening and the ap- 

142 Jung, G., Gluckauf, 71* 1141-8 (1935). 


proach of solidification of the coal. He also 
defined a temperature "zone of greatest 
plasticity/' apparently the range corre- 
sponding to readings of 1 or more angular 
degrees for coals of low fluidity and to 10 
or more for coals of higher fluidity, as 
nearly as the tabulated data can be deter- 
mined from his plotted curves. 

Gieseler studied the effect of heating 
rates of 1, 3, and 6° C per minute upon the 
plasticity curves of a representative coal 
from each district. With increasing rate of 
heating, the temperature of softening was 
little affected; but the temperature zone 
of softening, the resolidification tempera- 
ture, and especially the degree of plastic- 
ity were increased. In discussing these re- 
sults Gieseler stated that 

On account of the slower heating the gen- 
erated gases and vapors have sufficient time 
to escape from the coal cylinder, whereas 
with more rapid heating the vapors and tar 
fog remain in contact with the coal for a 
longer time and produce a plastic paste. 
This is in harmony with the fact that with 
greater rates of coking the quality of the 
coke becomes better and the coke on the 
heated walls of the oven chamber is always 
more dense and appears better melted than 
in the middle of the chamber where the 
smallest rate of heating prevails. 

The present writer believes that the com- 
position of the volatile products varies with 
different rates of heating. With more rapid 
heating the proportion of plastic material 
is increased. Furthermore, coals of high 
rank remain plastic to a higher tempera- 
ture and leave less volatile matter to be 
evolved after plasticity has ceased. Cer- 
tain coals have shown themselves to be 
remarkably sensitive, with respect to their 
ability to yield a good coke, to changes in 
the average rate of heating, so that to pro- 
duce the best coke an appropriate rate of 
heating for each individual coal must be 
used. 
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Rleibtreu and Jung 143 determined the 
plasticity of 3 coking coals by the Gieseler 
method, using the added load of 75 grams. 
Plasticity 'numbers” (presumably angular 
degrees) of 114, 103, and 122 were ob- 
tained for Bahnschacht, Tiefbau, and a 
blended coal “Cokery,” respectively. Tief- 
bau coal also was tested at heating rates 
of 2, 3, 3.5, and 4° C per minute. With 
more rapid heating the plasticity was found 
to increase and the resolidification point 
was shifted to a higher temperature. 

Jung 142 incorporated certain changes in 
the Gieseler test method that improved the 
operation, especially with very strongly 
softening coals. He attempted to calibrate 
his plastometer by means of standard 
pitches whose viscosities had been deter- 
mined previously by the test method of 
Reerink and Goeeke, 144 but unfortunately, 
the two equations given by him for the 
test pitches contained errors. The calibra- 
tion tests, on account of the impossibility 
of measuring viscosities larger than 10 
gram-seconds per square centimeter, signi- 
fied no exact values, but they did indicate 
the order of magnitude of the viscosity of 
the coal melt and with it the plasticity of 
the coal. 

Jung also investigated the effect of oxi- 
dation on the softening temperature zone 
and the magnitude of plasticity in this zone 
for 6 Lower Silesian coals. The coals in- 
cluded: (1) Bahnschacht, Seam 17; (2) 
Bahnschacht, Seam 16; (3) Tiefbau (Hans- 
Heinrich- and Marie-Schacht Seams), 
washed fine coal; (4) Bahnschacht, washed 
fine coal; (5) Bahnschacht, Seam 5; and 
(6) an 82 to 18 percent blend of coals 4 
and 3, respectively. Samples of 90 grams 
and known grain size were placed in shal- 

143 Bleibtreu, H., and Jung, G., GlucJcauf 70, 
733-40 (1934). 

144 Reerink, W., and Goeeke, E., Gluckauf, 71, 
77-85, 105-14 (1935). 


low dishes of 135 square centimeters top 
surface, and inserted 4 at a time in a gas- 
tight drying cabinet of 10-liter capacity. 
The temperature of the cabinet was regu- 
lated automatically at 100, 60, or 20° C, as 
desired, and air passed through at a rate 
of 300 cubic centimeters per minute. At 
fixed time intervals, 12-gram portions of 
the samples were removed and tested for 
their plastic properties in the modified 
Gieseler plastometer. Determinations of 
the oxygen consumed by the coal at vari- 
ous temperatures and times in the series of 
tests were made and reported. For ex- 
ample, at the test temperature of 100° C 
about 600 cubic centimeters of the total 
oxygen from the 18,000 cubic centimeters 
of air introduced per hour was used by the 
coal. 

Samples 1 to 5 were caking coals, con- 
taining 24.6 to 30.2 percent volatile matter 
(pure-coal basis). The coals, in 0- to 0.5- 
millimeter size, were aged at 60° C for 36, 
110, 210, 310, 500, and 700 hours. The 
softening temperatures (beginning of sof- 
tening) and the solidification temperatures 
(end of plastic zone) of coals 1 and 2 were 
little affected by increased time of aging. 
The softening temperatures of coals 3, 4, 
and 5 increased, and their solidification 
temperatures tended to decrease under the 
same test conditions. Accordingly, the 
width of the plastic zone either remained 
the same or was smaller. These results, in 
part, were in contrast to those determined 
from Foxwell curves, which depend on the 
peculiarities of the method. 

The maximum plasticity numbers (an- 
gular degrees per minute) by the plastom- 
eter method at first dropped rapidly and 
then more slowly with increased time of 
aging of the coal samples; corresponding 
temperatures fell but slightly. With re- 
duction of the maximum plasticity num- 
bers to about 100, the Meurice-Campredon 
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caking numbers 35a > e * p decreased only 
slightly; thereafter, the decrease was more 
pronounced. 

The rate of change in properties of the 
5 coals became quite slow after they had 
been oxidized for 700 hours at 60° C. Ex- 
trapolation of the experimental curves 
(plasticity numbers as ordinates versus 
aging times in hours as abscissas) showed 
that coals 1 to 5, after oxidation at 60° C 
for 820, 800, 700, 1,000, and 800 hours, 
respectively, reached the same plasticity 
values that were obtained after oxidation 
at 100° C for 50 hours. 

Coal 6 (over 2 millimeters in size) was 
a coking blend used in a commercial coking 
plant. A screened (2 to 4 millimeter) 
sample of this blend was carefully pulver- 
ized and sieved to obtain 0 to 0.5, 0.5 to 1, 
1 to 2, and 2 to 4 millimeter fractions of 
0.3, 0.75, 1.5, and 3 millimeter average grain 
size, respectively. The three smaller size 
fractions were aged in the described appa- 
ratus at 100° C in steps of 8, 16, 24, 48, 96, 
and 215 hours, and the 1 to 2 millimeter 
size also was aged for 430 hours. The 
largest size (2 to 4 millimeters) fraction 
was aged similarly for 48, 96, 215, and 430 
hours. With increased time of aging all 
four fractions showed increases in their 
softening and decreases in their solidifica- 
tion temperatures; the width of their sof- 
tening zones, therefore, became shorter. At 
the same time the maximum plasticity 
numbers fell off, and their corresponding 
temperatures, as well as the caking num- 
bers, also decreased. However, the veloc- 
ity of change in plasticity increased with 
decrease in grain size of the samples. The 
plotted results, using maximum plasticity 
numbers as ordinates and aging times in 
hours as abscissas, gave a series of hyper- 
bolic curves whose distances from the axes 
increased with increasing grain size of the 
coals. The caking numbers plotted as or- 


dinates against the aging times as abscissas 
showed a more linear decrease of caking 
numbers with aging time. From these 
curves, like plasticity numbers and like 
caking numbers were compared with their 
corresponding aging times. The logarithms 
of these times were plotted as ordinates 
against the logarithms of ‘the four grain 
sizes as abscissas. Since the aging times 
are proportional to the grain diameters, 
the lines of equal plasticity or equal caking 
power follow a course of about 45° to both 
axes in the diagram. The plotted results 
showed that this was closely approached, 
being slightly under 45° to the abscissas’ 
axis, and becoming less with longer aging 
times, especially for the larger size grains. 
This change was attributed to fissure for- 
mation developing in the larger grains and 
thereby an increase in surface. Accord- 
ingly, it could be concluded that the veloc- 
ity of aging was proportional to the sur- 
face, or in inverse ratio to the determined 
grain size of the coal. 

The coal blend in a grain size of 0 to 0.5 
millimeter was oxidized at 100° C for 8, 
16, 24, and 48 hours, at 60° C for 72, 120, 
216, 384, and 768 hours, and at 20° C for 
1,296 and 1,920 hours. For each tempera- 
ture of treatment, the temperature of the 
beginning of softening was increased, the 
temperature of solidification was little af- 
fected, and the maximum plasticity num- 
ber, the corresponding temperature, and 
the caking number were decreased with in- 
creasing time of oxidation. 

The logarithms of the plasticity numbers 
in each case were plotted as ordinates 
against the logarithms of the times of oxi- 
dation as abscissas. The three resulting 
curves, sloping downward toward the right, 
were approximately straight lines parallel 
to each other. The horizontal distances 
between equal plasticity numbers showed 
values of log 15 between the 100° and 
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60° C curves and log 23.8 between the 60° 
and 20° C curves, respectively. The quo- 
tients of the oxidation times at 20° di- 
vided by those at 60° C, and those at 60° 
divided by those at 100° C, all correspond- 
ing to the same plasticity numbers, were 
thus between 15 and 23.8. In other words, 
raising the temperature 40° C in the tem- 
perature range from 20 to 100° C caused a 
15- to 23.8-fold increase in the aging veloc- 
ity. Since the temperature coefficient be- 
tween 20 and 60° C was the same as that 
between 60 and 100° C, the temperature 
coefficient for each 10° C was then the 
fourth root of the quotient numbers, giving 
experimental values between- 1.96 and 2.20. 
A temperature increase of about 10° C, 
therefore, corresponded to doubling the 
velocity of aging. This rule was checked 
from data obtained on coals 1 to 5 after 
oxidation at 60° C for times necessary to 
give the same plasticity numbers as ob- 
tained after oxidation at 100° C for 50 
hours. The fourth roots of the quotients 
obtained from the data on the 5 coals were 
between 1.93 and 2.12, or an average of 
2.02, which checked well with values ob- 
tained on the blended coal. 

Schroth 145 found that the current taken 
by a motor for driving the Gieseler stirring 
device could, with suitable prudence, be 
considered a measure of the magnitude of 
the viscosity of the coal. The method was 
claimed to be generally practicable. Com- 
parisons of the characteristic temperatures 
of the beginning of fusion and of resolidi- 
fication found by this method with the cor- 
responding temperatures on Foxwell curves 
showed good agreement. The plastic tem- 
perature range of a correctly surveyed Fox- 
well curve could be determined, and this 
curve, within certain limits, also permitted 
some conclusions on the actual plastic state 
of the coal. Conclusions on the course of 

145 Scfcrotb, W., Angew. Chem., 49, 567 (1986). 


the viscosity and on the temperature points 
of the greatest fluidity could be made from 
the results of the Gieseler method. 

The U. S. Bureau of Mines modification 
of the Gieseler plastometer has been de- 
scribed by Brewer and Triff . 91 Figure 6 
shows a sectional drawing of the apparatus. 
The steel retort has an inside depth of 16 
millimeters and an inside diameter of 21 
millimeters; in contrast with the retort of 
Gieseler 110 and the high-form retort of 
Jung 142 it has no sieve plate above the 
coal charge at the top of the retort. The 
frequent binding between the stirrer shaft 
and^the sieve plate, caused by the accumu- 
lation of partly carbonized heavy tars, is 
thereby eliminated. Extended experience 
without the use of a sieve plate has shown 
that in only a few very strongly swelling 
coals does the heated coal mass creep up 
above the top edge of the retort to an 
extent that the rate of rotation of the 
stirring shaft is affected. In testing very 
strongly contracting coals, the softened 
charge may be carried bodily around the 
rotating stirring shaft. To avoid the false 
indication of a highly fluid mass in such 
coals, a steel pin 1.6 millimeters in diam- 
eter is inserted through a hole in the wall 
of the retort at a point 5 millimeters from 
the top edge and to a distance of 5 milli- 
meters radially toward the center of the 
retort from the inside wall. 

The charged retort is assembled, as 
shown in Fig. 6, and lowered into the 
metal bath, preheated to 340° C, after 
which heating is maintained at 3° C per 
minute. A 20-gram weight on the 18.7- 
gram loading pan is enough to cause uni- 
form rotation of the stirring shaft in the 
empty retort, no rotation in the coal 
charge until initial softening of the coal is 
reached, and a smooth movement during 
the passage of the coal through the pre- 
plastic and plastic temperature ranges. At 
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the initial softening temperatures of the 
coal the loaded pan starts to fall and con- 
tinues falling to the end of the test. 

This initial softening temperature is 
taken at the first appreciable movement of 
the pointer, that is, 0.1 dial division on the 
100-scale-division dial. From this point 
on, corresponding readings of time, tem- 
perature, and pointer movement are made 
at 1-minute intervals. From observed 


times, temperatures, and dial readings the 
corresponding number of pointer revolu- 
tions is calculated in dial divisions per 
minute. Dial divisions per minute corre- 
spond to fluidity of the coal at the various 
temperatures; they increase to a maximum 
and then decrease again to zero. Curves 
are constructed showing dial divisions per 
minute plotted as ordinates against tem- 
peratures in degrees Centigrade as abscis- 



Fig. 6. Modified Gieseler apparatus.* 1 
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sas. The fusion temperature is taken as 
the temperature corresponding to 5 dial 
divisions per minute on the ascending por- 
tion of the curve ; the temperature of 
maximum fluidity, as the temperature at 
which the stirring shaft shows the most 
rapid rate of movement; the solidification 
temperature, as the temperature corre- 
sponding to 5 dial divisions per minute on 
the descending portion of the curve; and 
the end of the plastic range, as the tem- 
perature at which the pointer again shows 
no movement. For coals of low fluidity the 
fusion and solidification temperatures are 
taken at 0.5 dial division per minute. The 
preplastic temperature range is defined as 
that between the initial softening tempera- 
ture (0.1 dial division) and the fusion tem- 
perature. The plastic temperature range 
includes the temperature range between 
the fusion temperature and the end of the 
plastic range. 

Kushnarevich 146 determined the resist- 
ance offered to rotation of a corrugated 
iron disk immersed in coal powder. The 
resistance rose at about 450° C, fell sharply 
at 475 to 525° C, rose to a second maxi- 
mum at 525 to 550° C, and then fell rap- 
idly to a constant value coinciding with 
solidification of the mass. In a second 
paper 147 Kushnarevich stated that a coal 
sample was placed in a specially con- 
structed vessel, and a rotating disk was 
pressed against the top of the charge with 
a definite pressure while the coal was being 
heated from the bottom. The coal charge 
was heated to 280° C in about 20 minutes; 
the disk then began to rotate, and the 
temperature was raised to about 580 to 
610° C at any desired rate. Curves show- 
ing the force of rotation plotted against 

146 Kushnarevich, N. R., Coke and Chem > 
( U.8.S.R . ), 8, No. 10, 24-6 (1938). 

147 Kushnarevich, N. R., Zavodskaya Lab., 9, 
1119-22 (1940) ; Chem. Ahs. t 35, 1603 (1941). 


temperature were constructed and ex- 
plained. 

Macura 148 attempted to express the con- 
cept of “coal plasticity” in terms of the 
reciprocal value of the viscosities of the 
fluid, gaseous, and solid phases in combina- 
tion with the phenomena of elasticity of all 
three phases of the coal developed during 
heating. Disregarding the unknown ef- 
fects of elasticity, as a first approximation, 
the softening behavior of a coal could be 
well characterized as “froth fluidity,” made 
up of the fluid phase (softening bitumens), 
the gaseous phase (distillation gases and 
vapors), and the solid phase (nonplastic 
residual coal) . It might seem inaccurate in 
such a heterogeneous system to consider 
“froth fluidity” as representative of such 
crude approximate conceptions. However, 
for the time being, the measure of the 
“total softening” or, more properly, the 
“total fluid power” of coal, which admit- 
tedly still lacked an exact definition, could 
be best expressed by the term “fluidity” 
or “froth fluidity.” The “total softening” 
or “total fluid power” of a coal was repre- 
sented by Macura as the area under the 
differential curve showing plasticity values 
plotted as ordinates against temperatures 
or times as abscissas. 

After using the Gieseler plastometer 110 
with limited success, and after a great deal 
of further experimentation with other de- 
signs of his owm, Macura finally developed 
a plastometer, which, because of its many 
parts and complicated construction, w r as 
described in minute detail. For a complete 
description, the interested reader should 
refer to the original publication. 148 

Special features of the Macura plastom- 
eter included a cylindrical, nickel-chro- 
mium steel retort whose hemispherical bot- 
tom and inside wall were cut by triangular 

148 Macura, H., Oel, Kohle , Erdoel , Teer , 14, 
1097-1107 (1938), 15, 1-12 (1939). 
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grooves. Centered in the retort was a 
stirrer of the same material consisting of a 
vertical hollow tube with a ball on its 
bottom end. The surface of the ball also 
was cut by triangular grooves. Tempera- 
tures at the center of the ball were meas- 
ured by a calibrated thermometer, inserted 
down through the hollow tube. The stir- 
rer extended upward to a framework, 
which supported a vertically mounted mir- 
ror and a horizontally mounted cord pulley 
and which could be rotated about the axis 
of the pulley by the application of a torque 
force or load. The angular displacement 
was measured by noting the angular move- 
ment of a light beam reflected from the 
mirror on a graduated, arc scale (D’Arson- 
val principle). One angular degree of ro- 
tation corresponded to 87.267 millimeters 
on the scale. 

The plastometer was standardized with 
an asphalt whose viscosities at 20, 15, and 
14° C had been established in a modified 
falling ball floppier viscosimeter as 0.4333 
X 10 G , 1.4428 X 10 6 , and 1.98 X 10 6 poises, 
respectively. Data from 66 tests were ex- 
pressed as “products,” obtained by multi- 
plying the turning time per angular de- 
gree, in seconds, by the applied load, in 
grams, and by the length (3.5 centimeters) 
of the lever arm. Tests with loads of 8 
and 16 grams at 20° C gave the same 
“product,” 431.2, but in the two series of 
tests at 15 and 14° C the “products” de- 
creased with increasing load, showing that 
the viscosity of the asphalt at these two 
lower temperatures depended on thrust 
pressure. Curves with these “products” 
plotted as ordinates against load as abscis- 
sas showed that the curves up to a load 
of S grams w’ere bent strongly downward, 
because of friction in the apparatus. Be- 
yond this load the curves w 7 ere linear and 
were inclined downward with increasing 
load; the slope of the curve for tests at 


15° was less than that of the curve for 
tests at 14° C. “Products” obtained at the 
three temperatures with the 8-gram load 
w-hen multiplied by a constant 1.005 gave 
approximately the values in poises, cited 
above for the viscosities of the asphalt, as 
determined at these same temperatures in 
the modified Hoppler viscosimeter. 

The coal sample, previously crushed to 
pass more than 98 percent through 0.5 mil- 
limeter and then dried, was charged and 
compressed under a standard pressure to 
a fixed height in the retort. The charged 
assembled apparatus was immersed in a 
preheated salt bath, and the rate of heat- 
ing was then controlled, as desired, for the 
particular test. 

Low r er Silesian coal a was tested with a 
16-gram load at average rates of heating 
of 1.53, 2.98, 6.47, 9.70, 12.93, and 
14.60° C, and with an 8-gram load at 
average rates of heating of 1.46, 3.20, 6.45, 
9.60, and 14.60° C. Mean or summation 
curves for data from two or more tests at 
each of these loads and rates of heating 
were constructed. The abscissas repre- 
sented temperatures of the coal sample 
during the test, in degrees Centigrade, and 
the ordinates showed the corresponding 
progression of light-beam movement over 
the arc scale, in total millimeters. The 
ordinates also were expressed in equiva- 
lent rhe-seconds and rhes. Differential 
curves w T ere derived from the correspond- 
ing mean curves. The abscissas again rep- 
resented temperatures in degrees Centi- 
grade, and the ordinates were expressed in 
both rhes and poises. Also, mean curves 
were constructed and differential curves 
were derived for data from tests of Upper 
Silesian coal b with a 16-gram load and 
average rates of heating of 1.55, 3.25, 6.46, 
9.81, 12.96, and 14.70° C, and with an 8- 
gram load and average rates of heating of 
3.11, 6.46, 9.79, and 14.84° C, and for data 
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from tests of Lower Silesian coal c with a 
16-gram load at average rates of heating 
of 3.05, 6.65, 10.04, and 13.26° C per 
minute. 

The data were expressed most charac- 
teristically by “viscosity in poises” and 
“maximum fluidity in rhes” at the maxi- 
mum of the differential curve, and as 
“mean fluidity in rhes” and “total fluid 
power in rhe-seconds” for the entire soft- 
ening process. 

Comparison of the curves for the 3 
Silesian coals obtained by plotting the 
total fluid power in rhe-seconds as ordi- 
nates against the rates of heating in de- 
grees Centigrade per minute as abscissas 
showed that the total fluid power became 
greater with increased rate of heating. 
The slope of the curves for coal a indi- 
cated that the total fluid power increased 
more strongly for rates of heating of tem- 
perature ranges 0 to 3° C and 10 to 15° C 
per minute than for rates of 3 to 10° C 
per minute. Also, particularly, in the last 
range, the curve for the 8-gram load rep- 
resented a higher total fluid power than 
the curve for the 16-gram load. . At rates 
of heating higher than about 1.5° C per 
minute coal b showed almost a linear in- 
crease in total fluid power with increas- 
ing rate of heating; the curve for the 
8-gram load showed only a slightly greater 
total fluid power than that of the 16-gram 
load over the entire range of rates of heat- 
ing. The curve for coal c for the 16-gram 
load fell between the two curves for coal a 
and the two curves for coal b. From the 
course of the five curves one must con- 
clude that the total fluid power observed 
with increasing rates of heating depended 
on the rate of heating and, further, that 
each curve gave information on the sof- 
tening behavior of the coal under different 
thrust pressures and rates of heating; that 
is, the curve has a separate characteristic 


form and position for each measured sys- 
tem for each coal. Probably, the relative 
amounts and composition of the petro- 
graphic components also have an impor- 
tant effect upon the form and position of 
the curves. 

Aside from the quantitative dependence 
of the softening process on the rate of 
heating, a qualitative dependence was 
shown also. The data obtained for indi- 
vidual coals in series of tests made with 
a given load and various rates of heating 
when plotted, using rhes and poises as 
ordinates against degrees Centigrade as 
abscissas, gave a family of differential 
curves. The curves representing the lower 
rates of heating fell under those for higher 
rates of heating. Furthermore, the curves 
for the same coal at like rates of heating 
but different thrust pressures showed that 
those for the higher thrust pressure (16 
grams) had lower softening points than 
those for the lower thrust pressure (8 
grams). In each series of tests the tem- 
perature at which maximum fluidity de- 
veloped increased with increased rate of 
heating. The geometric loci of the maxi- 
mum points on the curves for coals a and b 
were parabolas; those for coal c formed a 
straight line. The points of resolidification 
of the coals also were displaced to higher 
temperatures with increased rates of heat- 
ing, that for coal c being especially marked 
— from 445 to 470° C for the increase in 
rate of heating from 3.05 to 13.26° C per 
minute. In brief, then, the characteristic 
effects of increased rate of heating were to 
broaden the temperature interval repre- 
senting the plastic range and to increase 
the degree of fluidity of the coal. 

Macura pointed out that the practical 
importance of the type of measurements 
he described lay in the fact that, by regu- 
lating the thrust pressure and rate of heat- 
ing, the softening process of the coal could 
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be determined under appropriate condi- 
tions. The data, when studied in connec- 
tion with the results of degasification tests 
on the coal for temperature intervals be- 
fore, during, and after the plastic tempera- 
ture range as shown by plastometer tests, 
should have direct application to coke- 
plant practice. With the introduction of 
the concept ‘'Total fluid power,” expressed 
as a measurable unit in the cgs system, 
the entire softening process of the coal can 
be established quantitatively by a single 
number , which with uniform composition 
and grain size of the coal depends only on 
the rate of heating and thrust pressure. 

Macura discussed the limitations of his 
test method. The method is not applicable 
for testing coals with a caking index 149 
below 8, for these coals, especially at 
lower rates of heating, do not fuse com- 
pletely. The use of a sample having a 
grain size larger than 2 millimeters is not 
possible on account of nonuniform heating 
through of the coal particles in the 3-milli- 
meter space between the ball and the 
rounded bottom of the retort. For feebly 
swelling coals, the shaft must be loaded 
with 400 to 500 grams to avoid raising it 
out of the retort and also to maintain a 
constant volume of charge. Tests with 
strongly swelling coals are not reproducible. 
Macura stated that he attempted to sup- 
press the swelling of such coals by the 
addition of plasticity leaning materials and 
before measuring the softening process. 
The compression of the coal charge under 
a pressure of 47.25 kilograms per square 
centimeter was considered a disadvantage 
but was found to be necessary to obtain 
concordant results. 

In a second paper 150 Macura compared 
the differential curves representing the 

149 Kattwinkel, R., Gliickauf, 62, 972-3 (1926). 

iso Macura, H., Oel, Kohle, Erdoel , Teer 3 IS, 
45-54 (1939). 


plastic properties of the coals a , b , and c 
previously studied 148 and of Upper Si- 
lesian coal d with the results of gravimetric 
differential distillation analyses made on 
the 4 coals. These analyses gave the 
gravimetric yields of semicoke and volatile 
matter, together with the subdivision of 
the volatile matter into tar, water of de- 
composition, and gas (by difference), at 
rates of heating of 3, 6, 9, and 13° C per 
minute over the temperature range from 
300 to 550° C. Weighings were made at 
30-second intervals for the lower rates of 
heating, and at 15-second intervals for the 
higher rates. The elaborate test arrange- 
ment will not be described here. 

The data for total volatile matter, tar, 
water of decomposition, and gas obtained 
by the gravimetric differential distillation 
tests were expressed in percentages by 
weight of dry coal for each 5° C rise in 
temperature. These percentages for each 
rate of heating (3, 6, 9, and 13° C per min- 
ute) were plotted as ordinates against 
temperatures in degrees Centigrade as ab- 
scissas for the temperature range from 300 
to 550° C, On the same charts were re- 
produced the differential curves represent- 
ing the plastic properties of the same 4 
coals for the same rates of heating. The 
ordinates represented the fluidities of the 
coals expressed in rhes and poises; the 
abscissas, the corresponding temperatures 
in degrees Centigrade. The weight per- 
centages both of water of decomposition 
and of gas did not vary enough under the 
test conditions to warrant any conclusions 
on their relationship to the plastic prop- 
erties of the coal. 

For coal a the maximum values of total 
degasification (total volatile matter) and 
of tar were displaced with increased rates 
of heating in the direction of higher tem- 
peratures, reaching the neighborhood of 
the temperatures of resolidification of the 
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test samples at the higher rates. Coal b, 
in spite of its essentially lower fluidity, 
behaved in a similar manner. Coal c with 
increasing rates of heating showed that the 
maximum values of total degasification and 
of tar were obtained at temperatures 
above the resolidification temperatures of 
the test samples. Coal d showed a con- 
verse effect with increased rate of heating. 
Displacements of the total degasification 
and tar curves were to lower temperature 
ranges. From the results obtained at the 
four different rates of heating for each of 
the 4 coals, one may select conditions 
under which the maxima of the curves for 
plasticity, total degasification, and tar are 
in proper relationship to each other to 
produce the best grade of coke. 

Macura gave no data on the geological 
sources, petrographic composition, or ulti- 
mate analyses of the 4 coals. The ash 
contents of coals a , 6, c, and d were given 
as 4.8, 13.1, 25.8, and 9.6 percent (as 
tested), respectively. Corresponding dry 
volatile-matter contents by the Bochum 
crucible test were 32.6, 30.3, 22.3, and 
33.1 percent. 

Hoehne 65 made more than 3,000 tests 
with an apparatus and test procedure es- 
sentially like those of Jung. 142 The usual 
plasticity curve, angular degrees - per min- 
ute plotted as ordinates against tempera- 
ture in degrees Centigrade as abscissas, 
defined the plastic zone as the tempera- 
ture interval between the beginning of 
softening and the resolidification of the 
coal mass. In common with the experi- 
ence of other workers, for example, Giese- 
ler 139 and Brewer and Triff, 91 Hoehne 
found that at the beginning of softening of 
the coal, probably on account of the libera- 
tion of gases from the coal “charge, false 
readings (movements of stirrer) sometimes 
were shown in the torsion type of test 
method. He, therefore, defined arbitrarily 


the “limits of an active plasticity zone.” 
For coals containing an average of 27 per- 
cent of volatile matter, as well as those 
with a higher content, about 34 percent 
(pure-coal basis), his preliminary tests es- 
tablished that a dial reading of 20 angular 
degrees must be obtained before such coals 
formed a well-caked semicoke at the stand- 
ard rate of heating of 3° C per minute; 
with coals showing limited plasticity (maxi- 
mum dial reading up to about 40 angular 
degrees) a reading of 9 angular degrees w r as 
considered the lowest at which the coal 
would normally form a well-caked semi- 
coke at this rate of heating. Therefore, the 
“effective” or “active plasticity zone” was 
defined by Hoehne as the portion of the 
usual plasticity curve above ordinate values 
of 20 and 9 angular degrees, respectively, 
for these two classes of coals. 

Hoehne reported data on the plastic 
properties and volatile contents of 51 coals 
and 4 blends from the Ruhr district and 
on “standard drum” tests of cokes (pre- 
sumably from both box tests and a small 
carbonizing chamber) made from these 
coals and blends. He stated that the drum 
strength tests on cokes from box tests were 
always 2 to 3 percent lower than on cokes 
from the chamber and, hence, were directly 
comparable. 

The coals were classified into groups ac- 
cording to percentage of volatile matter 
(pure-coal basis), as follows: lean coals 
(m) 10-19; lean fat coals (m/e) 19-24; 
fat coals ( fe ) 24-30; gas coals ( g ) 30-35; 
and gas flame coals (ft) 35-40. They in- 
cluded : 1 Westphalian and 3 Lower Silesian 
lean coals; 5 Westphalian and 5 Lower Si- 
lesian lean fat coals; 1 Upper Silesian, 6 
Westphalian, and 9 Lower Silesian fat 
coals; 3 Westphalian and 10 Lower Silesian 
gas coals; and 2 Westphalian, 3 Upper Si- 
lesian, 1 Saxon, and 2 Saar gas flame coals. 
The four blends of fat and gas coals con- 
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tained between 27 and 28 percent volatile 
matter (pure-coai basis), which placed 
them in the fat-coal group. It was not 
stated which individual Lower Silesian and 
Westphalian coals were used in making 
these blends. 

Hoehne represented his test data in seven 
composite diagrams, with different arrange- 
ments of data to bring out certain prop- 
erties of the coals and coal blends. These 
diagrams have been assembled and the data 
rearranged in a single, similarly constructed 
diagram, Table II, to which has been added 
a column tabulating the width of the ac- 
tive plastic range temperatures in degrees 
Centigrade for the 51 coals and 4 blends. 

Table II shows the coals and blends ar- 
ranged in order of increasing maximum 
fluidity up to the maximum value of about 
35,000 angular degrees and then in order of 
decreasing maximum fluidity. The coals 
are designated by the initial or first two 
letters of the German name of the locality 
where they were mined, by the group sym- 
bol, and by a number if more than one coal 
from a given locality and group was tested; 
for example, niederschlesische Magerkohle 
2, Nm 2 (Lower Silesian lean coal 2), ober- 
schlesische Fettkohle, Ofe (Upper Silesian 
fat coal), and sachsische Gasflammkohle, 
Safi (Saxon gas flame coal). The four 
blends are designated by the symbols Nk 1, 
Nk 2, A (k 3, and Nk 4. The width of the 
‘‘active plastic zone” or temperature range 
in degrees Centigrade is represented graphi- 
cally for each coal or blend by the sum of 
the lengths of its two heavy or two dashed 
lines plus the space between them. T his 
space covering a temperature interval of 
3°C corresponds to the temperature at 
which the coal or blend showed its maxi- 
mum fluidity. In general, it will be ob- 
served that, according to the arrangement 
shown of the coals and blends in Table II, 
the width of the active plastic range, in 


degrees Centigrade, and the coke strength 
from a standard drum test, in percentage, 
change in a corresponding manner, but 
that the rank decreases (pure volatile mat- 
ter increases) throughout. By this ar- 
rangement lean fat coals and fat coals as 
well as their 4 blends are separated rather 
sharply from the gas and gas flame - coals. 
The order of regular increases in volatile 
matter is not maintained within these clas- 
sifications, but the general tendency from 
the top to the bottom of the diagram shows 
an increase in the volatile-matter content. 
In general, it may be noted also that the 
temperature limits defining the “active 
plastic range” are displaced to higher tem- 
peratures up to the coals of maximum flu- 
idity, and then are displaced to lower tem- 
peratures as maximum fluidity decreases. 
No one arrangement of data has given en- 
tirely consistent linear relationships be- 
tween any two sets of data. 

It may be pointed out that the Lower 
Silesian lean fat coals, Nmfe , showed less 
fluidity as a group than the corresponding 
Westphalian lean fat coals, Wmfe; the 
same trend was noted for the fat coals 
from these districts. With few exceptions, 
the gas flame coals were less fluid than the 
gas coals. These general trends are in har- 
mony with the relative ranks of the coals. 

Extrusion Methods 

This class of test employs an apparatus 
having an orifice through which the sof- 
tened heated coal is forced under applied 
pressure. The data obtained have been 
applied qualitatively in interpreting some 
of the phenomena observed while the coal 
is fluid and in explaining some of the weak 
features of other methods. However, lack 
of test conditions similar to those prevail- 
ing during actual coking of a coal charge 
in commercial coke ovens and the difficulty 
of obtaining quantitative duplicate data in 
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TABLE II 

Comparison of “Active Plastic Zone/* Maximum Fluidity, and Volatile-Matter Content 
of Representative German Coals and Blends with Strength of Their Resultant Coke. 1 * 65 
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the test itself have mitigated against its 
wide adoption. 

Porter 151 apparently devised the first 
orifice method for measuring the extrusion 
properties of softened, heated coal under 
applied pressure. The test also permitted 
determinations of the softening behavior of 
the coal by the dilatometer principle, of 
the maximum expansion pressure after 10 
percent free expansion of the coal had oc- 
curred, and of the loss in weight of the 
sample at 1,050° F (566° C). Figure 7 il- 
lustrates the apparatus. 

Nine American coals (8 from the United 
States and 1 from Canada), ranging in 
volatile-matter content from 16.0 to 35.6 
percent (as-determined basis), were tested 
in an atmosphere of preheated nitrogen. 
Fulton Seam coal (16.0 percent volatile) 
from Huntingdon County, Pa., showed no 
extrusion but a maximum expansion pres- 
sure of 2 pounds per square inch, whereas 
Sewell Seam coal (20.2 percent volatile) 
from Fayette County, W. Va., showed 
neither extrusion nor expansion pressure. 
Lower Kittanning (“B”) Seam coal (22.0 
percent volatile) from Cambria County, 
Pa., gave an extrusion of 3.5 percent all 
through the orifice and a maximum expan- 
sion pressure of 14.5 pounds per square 
inch, indicating that this coal was not fluid 
enough when plastic to have the expansion 
pressure much relieved by the orifice. 
Lower Freeport (“D”) Seam coal (25.5 
percent volatile matter) from Cambria 
County, Pa., showed an extrusion through 
the orifice of 60.5 percent, a total extrusion 
of 65.0, and a maximum expansion pressure 
of 5.5 pounds per square inch, whereas 
Upper Freeport Seam coal (29.0 percent 
volatile) from Indiana County, Pa., gave 
corresponding extrusions of 55.0 and 75.0 

151 Porter, H. C., Proc. 3rd. Intern. Conf. Bitu- 
minous Coal , 1, 613-30 (1931). 


percent and a maximum expansion pressure 
of 10.0 pounds per square inch. 

The greater degrees of fluidity developed 
by the Freeport coals, compared with the 
Kittanning coal, by extrusion through the 
orifice and notches in the piston head, 
helped relieve the maximum expansion 
pressure developed. Pittsburgh Seam coal 
(32.5 percent volatile matter) from West- 
moreland County, Pa., gave an extrusion 
of 65.0 percent all through the orifice and 
a maximum expansion pressure of 2.0 
pounds per square inch. A second Pitts- 
burgh Seam coal (35.5 percent volatile) 
showed much less fluidity without develop- 
ing any higher expansion pressure; it gave 
31 percent extrusion all through the orifice 
and a maximum expansion pressure of 2.0 
pounds per square inch. Dominion coal 
(34.5 percent volatile) from Nova Scotia, 
Canada, although containing more volatile 
matter than the Pittsburgh Seam coal from 
Westmoreland County, Pa., and less vola- 
tile matter than the Pittsburgh Seam coal 
from Allegheny County, Pa., showed less 
fluidity than either. It showed 2.5 percent 
extrusion all through the orifice, but the 
same maximum expansion pressure of 2.0 
pounds per square inch. Coal from Frank- 
lin County, 111., containing 35.6 percent vol- 
atile matter, showed not only no extrusion 
through the orifice but also no well-defined 
softening point and no clogging of the gas 
passage by sintering together of the coal 
particles. 

The relationship of the data obtained to 
underfeed-stoker, coke-oven, gas-producer, 
and water-gas-generator operations was dis- 
cussed, and a provisional scheme was sug- 
gested for the classification of coals accord- 
ing to their softening characteristics. 

In a later article 152 Porter stated that 
the comparisons of the data obtained in 

152 Porter, H. C., Ind . Eng. Chem. 3 27, 962-6 
(1935). 
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his earlier investigation “were not strictly 
quantitative, since it was found necessary 
in nearly all cases to add to the piston load 
in varying amount and for different lengths 
of time in order to retain the charge in the 


heated zone. The extrusion was thus, in 
these cases, influenced during a fraction of 
the plastic period by the added pressure 
due to swelling/' Some of the earlier data 
were retabulated, together with the added 
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load in pounds and the percentage of the 
plastic period during which this added load 
was applied. The Pittsburgh Seam coal 
from Westmoreland County, Pa., in an- 
other test, using a higher piston load con- 
tinuously applied, was almost completely 
liquefied, 95 to 97 percent being extruded. 
Porter pointed out that the difference in 
the amounts of extrusion shown by the two 
Pittsburgh Seam coals might be attributed 
to the higher oxygen content of the coal 
from Allegheny County, Pa., as compared 
with that of the coal from Westmoreland 
County, Pa. 

With the object of making the fluidity of 
the coal itself, so far as possible, the chief 
factor in the observed results, Porter de- 
veloped a new extrusion test in which the 
extent of penetration of the softened coal 
into an adjoining layer of sized coke par- 
ticles was determined. No external pres- 
sure was applied, the flow of coal being ac- 
tuated only by gravity and by its own 
swelling. After charging, the metal cap- 
sule was suspended in an inert atmosphere 
(nitrogen or city gas) and heated at a rate 
of about 3° C per minute over the tempera- 
ture range between 400 and 520 a C. 

Five of the coals studied in the earlier 
investigation were again tested. The re- 
sults indicated that the differences in flu- 
idity of the coals was more or less of the 
same order as found previously, but that 
the coals of low fluidity, such as the Lower 
Kittanning from Cambria County, Pa., 
may swell so strongly, by virtue of retain- 
ing expanding gas bubbles in the plastic 
mass, that they are thereby driven to a 
greater distance of penetration into the 
coke layer than a more fluid coal, such as 
Pittsburgh Seam coal from Allegheny 
County, Pa., which has a low’er swelling 
pressure. The method gave some indica- 
tion of the relative penetrating powers of 
the softened coals, impelled by their own 


swelling pressures. It failed, however, to 
eliminate satisfactorily the uncertain pres- 
sure factor that complicates the measure- 
ment of fluidity. The extrusion methods 
described by Porter indicate differences in 
coals in the combined effect of fluidity and 
swelling pressure. 

Gieseler 110 attempted to press softened, 
heated coal through a nozzle on the lower 
end of a vertical metal tube. This tube 
was encased in a glass tube of larger diam- 
eter, which, in turn, was surrounded by one 
of still larger diameter that contained a 
salt bath for heating. Finely pulverized 
coal was placed in the metal tube, and the 
assembly was heated at a rate of 3° C per 
minute. A tightly fitting piston, whose 
lower end contained the hot junction of a 
thermocouple for measuring temperatures, 
pushed the softened coal through a nozzle 
of the metal tube and into the inner glass 
tube. On account of the deposition of 
tarry constituents on the walls of the metal 
tube, the piston always stuck after a short 
period of operation. 

An extrusion apparatus, designed by 
Lum and Curtis, 137 was used to test 6 
American coals. The lowest-ranking coal, 
Black Creek Seam (39.1 percent volatile 
matter, dry basis) from Alabama, was not 
plastic enough to be extruded. The high- 
est-ranking coal, B or Lower Kittanning 
Seam (17.5 percent volatile matter, dry 
basis) from Pennsylvania, developed plas- 
ticity only to a small degree, and had to 
be tested under a high pressure with very 
rapid preliminary heating and with a 0.313- 
inch-diameter orifice to effect its extrusion. 
The number of grams of coal extruded 
through the orifice per minute was defined 
as “extrusivity”; it amounted to 1.15 grams 
per minute at a test temperature of 500° C. 
Formation of hard coke prevented com- 
plete extrusion of the charge. 

The other 4 coals were tested at several 



EXTRUSION METHODS 


239 


temperatures and under a standard pres- 
sure. In each series of tests with each coal 
the temperature at the start of extrusion 
was increased for the successive tests by 
intervals of 10° C until the entire tempera- 
ture range of plasticity of the coal had 
been covered. A second Lower Kittanning 
Seam coal (22.3 percent volatile matter, 
dry basis) from Pennsylvania, tested at 
430, 440, and 450° C using a 0.156-inch- 
diameter orifice, gave “extrusivity” values 
of 0.38, 0.59, and 0.37, respectively. Im- 
boden Seam coal (34.0 percent volatile 
matter, dry basis) from Virginia, at tem- 
peratures of 410, 420, and 430° C, with the 
same orifice, gave extrusivity values of 0.62, 
1.20, and 1.05, respectively, and at 420° C 
with a 0.0938-inch-diameter orifice, a value 
of 0.48 gram per minute. Pittsburgh Seam 
coal (34.8 percent volatile matter, dry ba- 
sis) from Pennsylvania at 410, 420, and 
430° C, with the 0.0938-inch-diameter ori- 
fice, gave values of 0.85, 1.17, and 0.75 
gram per minute, respectively. No. 2 Gas 
Seam .coal (36.1 percent volatile matter, 
dry basis) from West Virginia at 410, 420, 
430, and 440° C, with the same orifice, gave 
extrusivities of 0.55, 0.90, 1.59, and 0.80, 
respectively. 

Pormation of hard coke prevented the 
complete extrusion of the coal charge with 
the Lower Kittanning, Pittsburgh, and No. 
2 Gas Seam coals at their highest test tem- 
peratures. The relative rate of extrusion 
through the 0.156- and the 0.0938-inch-di- 
ameter orifices by the Imboden Seam coal 
at its temperature of maximum plasticity, 
420° C, was 1.20 to 0.48, or 1 to 0.4. Using 
the factor of 0.4, the experimental value of 
the extrusivity, 0.59 gram per minute for 
the 22.3 percent volatile matter Lower Kit- 
tanning Seam coal with the 0.156-inch-di- 
ameter orifice, becomes 0.24 gram per min- 
ute with the 0.0938-inch-diameter orifice. 

When the 4 coals, No. 2 Gas, Pittsburgh, 


Imboden, and Lower Kittanning, are ar- 
ranged in the order of decreasing dry vola- 
tile matter content, that is, 36.1, 34.8, 34.0, 
and 22.3 percent, respectively, their extru- 
sivities, 1.59, 1.17, 0.48, and 0.24 gram per 
minute, respectively, at their maximum 
temperatures (430, 420, 420, and 440° C) 
also fall in the order of decreasing values. 
Table V in the article by Lum and Curtis 
indicated that the Imboden Seam coal con- 
tained 36.1 percent volatile matter, which 
placed this coal between the No. 2 Gas coal 
and the Pittsburgh coal, and then the ex- 
trusivities fell out of line. Their Table II, 
however, showed that the Imboden coal 
contained 34.0 percent volatile matter, 
which value was correct according to a 
private communication from Dr. Lum. 

The data obtained by Lum and Curtis 
showed that the temperatures of maximum 
pressure for the above-described coals in 
their gas-flow tests,- carried out as described 
on page 219, were usually lower than the 
temperatures at which maximum extrusion 
occurred. Some investigators have stated 
that the maximum pressure in the gas-flow 
tests represents the end of plasticity and 
the beginning of coke formation. To in- 
sure that comparable temperature meas- 
urements were made in the gas-flow and 
extrusion tests, Lum and Curtis modified 
the extrusion apparatus so that both tests 
could be carried out in the same apparatus. 
The coal fusion cylinder was wrapped wnth 
a brass tubing to serve as a preheating coil 
for the nitrogen gas, and the lower end of 
the coil was fitted tightly into the orifice 
below the coal charge. Gas-flow tests car- 
ried out according to the usual procedure, 
followed by extrusion tests in the same ap- 
paratus, showed clearly that coals are in 
a plastic condition at temperatures higher 
than that of the maximum pressure in the 
gas-flow tests. Extrusion of the coal sam- 
ple could always be made after the tern- 



240 


PLASTIC PROPERTIES OF COALS 


perature of maximum pressure was reached. 

Measurements of the fluidity of the 
plastic layer itself have been made by 
Sapozhnikov and Finkelstein. 153 ’ 154 » 155 
Since their data were explained in terms 
of relation to those from other “plasto- 
metric investigations,” the review of these 
measurements will be given in a later dis- 
cussion of piastometric investigations of 
Russian (U.S.S.R.) coals. 

Swelling Pressure or Expansion 
Pressure Methods 

Much confusion has resulted from loose 
and interchanged usage of the terms “swell- 
ing” and “expansion” as applied to the act 
or process of increasing the volume of a 
coal charge by heating and to the state of 
the carbonized product resulting from the 
heat treatment. In some instances, only a 
linear change, usually in the vertical direc- 
tion, of the original dimensions of the con- 
fined, heated, coal charge is intended; in 
others, the concept of an increase in pres- 
sure within the charge is denoted. The 
extent of “free” swelling, when no load is 
applied to the top of a confined, heated, 
coal charge, may be quite different from 
the vertical displacement observed w’hen 
the coal charge is heated under an added 
load. Some coals may swell even more 
under load than when no load is applied. 
This apparent anomaly is explained by the 
fact that when the charge is under load a 
portion of the distillation gases and vapors 
is prevented from escaping and the result- 
ing pressure causes the observed increase 
in volume. If the load applied is large 
enough, the coal may be prevented entirely 

153 Sapozhnikov, L. AT., and Finkelstein, P. K., 
KMm. Tverdogo Topliva , 6, No. 1, 34-40 (1935). 

154 Sapozhnikov, L. 31., Coal Carbonisation, 3, 
42-4, 95-7, 145 (1937). 

155 Sapozhnikov, L. M., Coke and Smokeless- 
Fuel Age, 1, 27-9, 58-60, 131 (1939). 


from increasing in volume, and consider- 
able pressure may be built up. 

Worthwhile distinctions made by 
Damm 3 > 4 were that swelling ( Blahen ) 
signified a volume change that takes place 
during the heating of many coals under 
conditions such that the softened coal can 
expand freely in a direction perpendicular 
to the heating surface, whereas force ( Trei - 
ben) denoted the pressure that the softened 
coal mass frequently exerts when it is ob- 
structed from free expansion. The magni- 
tude of the degree of swelling ( Blahgrad ) 
is expressed numerically in convenient lin- 
ear units or as a percentage of the original 
coal volume, whereas swelling pressure or 
expansion pressure or, more recently, 
“driving pressure ” 5 (Treibdruck ) , is usu- 
ally given in some pressure unit per unit 
area, such as kilograms per square centi- 
meter or pounds per square inch. Practi- 
cally, for the coke plant, swelling scarcely 
comes into account, because the coke oven 
is confined, and free expansion, except for 
a limited amount at the top of the charge, 
is prevented. The possibility of the coal 
expanding into the free space above the 
charge is small because most of the swell- 
ing is exerted perpendicularly to the heated 
walls and radiation of heat -from the top 
of the oven is too small to affect a very 
deep layer of the coal charge. 

Investigations have shown repeatedly 
that a strongly swelling coal often devel- 
ops a high expansion pressure. On the 
other hand, it is entirely possible that a 
feebly swelling coal may show high expan- 
sion pressure, and, conversely, that a 
strongly swelling coal may develop no ex- 
pansion pressure. In practice, therefore, 
expansion pressure has become associated 
with those coals that show a deficient after- 
shrinkage. This property expresses itself 
by scaffolding of the coke in the oven or 
by its sticking on the walls, so that the 



241 


SWELLING PRESSURE OR EXPANSION PRESSURE METHODS 


coke is difficult to push from the oven 
chamber. For coke-oven practice, coals 
which show a so-called transient pressure 
are especially dangerous to use. After cok- 
ing such coals, the coke formed is found 
to have shrunk enough during the coking 
process so that it can be easily pushed from 
the oven, yet because of a high expansion 
pressure that is developed at some stage 
in the coking process the oven walls and 
buckstays have been strongly deformed. 
Continued use of such coals in a coke oven 
usually results in pushing difficulties be- 
cause of the penetration of coke into the 
bulges in the coke-oven walls. 

The definitions given by Damm have 
contributed much to clarify the terms used 
to express the data obtained in both lab- 
oratory and larger-scale, in some instances 
full-size, coke-oven tests designed to deter- 
mine changes in volume and in pressure of 
the coal during its carbonization. How- 
ever, the loose and interchanged use of the 
terms “swelling” ( Bldhen ), “force” ( Trei - 
ben), “degree of swelling” ( Blahgrad ), and 
“expansion pressure” ( Treibdruck ) made 
by earlier investigators has persisted to 
some extent, even to the present. It is 
hoped that the necessity for satisfactory 
definitions, improved methods of measure- 
ments, and correct interpretations of test 
data on the “plasticity” and expansion 
properties of coal and coal blends under 
the conditions of industrial carbonization 
and combustion, long since recognized and 
under extensive study by many coal inves- 
tigators, will ultimately lead to standard- 
ized practices. Progress in this direction is 
being made by Subcommittee XV on Plas- 
ticity and Swelling of Coal of Committee 
D-5 on Coal and Coke of the American 
Society for Testing Materials. 156 

The important problem of how a coke- 

156 Proc. Am. Soc. Testing Materials , 38, Pt. I, 
410-11 (1938), 39, 434 (1939), 40, 339 (1940). 


oven operator can assure himself that the 
coal or coal blend he is using or may be 
called upon to test or use will not expand 
during its coking to such an extent that it 
will cause damage to a commercial coke 
oven is best answered by tests in the oven 
itself. However, such a procedure is risky 
and likely to result in large financial loss if 
the coal has dangerous expansion proper- 
ties. The solution of the problem appears 
to lie in large-scale tests made in movable- 
wall ovens, preferably heated from both 
sides. The elaborate equipment required 
and the cost of materials and of carrying 
out such tests have minimized their appli- 
cation. Empirical indications, from which 
predictions can often be made with a fair 
degree of certainty as to the safe or harm- 
less expansion pressures to be expected in 
the commercial coke oven, when using a 
given coal or coal blend, have been ob- 
tained from the results of many smaller- 
scale tests. The “laboratory methods,” 
using charges of 1 to 120 grams, and small 
test ovens, using 4 to 400 pounds of coal, 
have given results of great value in pre- 
dicting the behavior of a coal or coal blend 
in the coke oven itself or under test con- 
ditions that correspond to those of actual 
operation. 

All expansion pressure tests are designed 
for unidirectional heating and either allow 
the charge to expand under “constant pres- 
sure” or under “constant volume.” The 
latter designation is not .strictly accurate as 
the coal is usually permitted to expand the 
limited amount which is considered safe for 
industrial practice, after which pressure is 
applied to maintain the volume constant 
during the rest of the test. In both types 
of tests the coal charge is loaded. In the 
first, the charge moves against the applied 
force and the volume increase is measured; 
in the second, the applied force is large 
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enough to prevent expansion of the charge 
(beyond a certain limit). 

The methods of determining the swelling 
pressure or expansion pressure of coals are 
numerous and range from laboratory tests 
taking as little as 1 gram of coal to full- 
scale, commercial coke ovens taking several 
tons of coal. A rigid classification that dis- 
tinctly divides the different methods ac- 
cording to comparable size apparatus and 
test procedures without some overlapping 
is difficult. For convenience, the methods 
have been somewhat arbitrarily subdivided 
as follows: 

1. Laboratory methods (coal charges of 1 
to 120 grams). 

(a) Constant-pressure type. 

(b) Constant-volume type. 

2. Larger-seale swelling test apparatus or 
small experimental test ovens (coal 
charges of 4 to several hundred pounds). 

3. Measurement of distortion of coke-oven 
walls under pressure. 

4. Expansion pressure measurements in 
coke ovens. 

5. Large-scale research installations, two- 
sided heating. 

6. Carbonization of coals under high ap- 
plied pressure (low-rank coals). 

LABORATORY TEST METHODS 

Constant-Pressure Type of Apparatus. 
In 1920, Korten 157 pointed out the possi- 
ble danger of carbonizing expanding coals 
in a coke oven. Recognizing defects in 
earlier laboratory test methods, he endeav- 
ored to reproduce so far as possible prac- 
tical operating conditions in his laboratory 
apparatus. A coal charge of 100 grams 
was coked in a vertical, thick-walled, cylin- 
drical, iron crucible under standard condi- 
tions in a gas-fired furnace. The bottom 
end of a piston, perforated to permit es- 
cape of gases, rested on the coal charge. 
The piston rod projected through the cover 

157 Korten, F., Gluckauf , 56, 652-5 (1920) ; 
Stahl a. Eisen , 40, 1105-8 (1920). 


of the crucible and supported a weighted 
lever at the top. The shorter arm of this 
lever was fixed; the longer, weighted arm 
moved in accordance with the vertical dis- 
placement of the piston during the coking 
of the coal. This movement, magnified by 
the ratio of the lengths of the two lever 
arms, was traced on a paper-covered re- 
volving drum. Adjustable weights, placed 
on the longer lever arm, permitted the load 
to be altered as desired for individual tests. 

Laboratory results obtained on two coals 
agreed with their coking behavior in coke- 
oven practice. One coal, containing 27 
percent volatile matter (basis not stated), 
showed a contraction of 4 percent in the 
test apparatus and was known to be easily 
coked and pushed from the coke oven. The 
second coal, containing 14 percent volatile 
matter (basis not stated), expanded nearly 
6 percent during carbonization, remained 
expanded 3.5 percent at the end of the lab- 
oratory test, and was known to push only 
with difficulty and with damage to the oven 
walls. Using an unloaded lever, Korten 
also determined the magnitude of “swell- 
ing/ 5 Curves comparing these data with 
those obtained when a weighted lever 
was used showed the relationship between 
“'swelling 55 and “expansive power 55 of the 
two coals. 

The test method of Korten has been de- 
veloped further in two general directions: 
(1) the constant-pressure method, in which 
the load on the coal charge is maintained 
constant and the volume of the coal al- 
lowed to change; and (2) the constant- 
volume method, in which the volume of the 
coal is kept constant by corresponding suit- 
able variations of the applied load. Both 
methods have undergone many minor 
changes in their working principles and 
have been extended to larger-scale test 
practices, particularly since 1928. 
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Apparently, the first constant-pressure 
test method, based upon the earlier test 
method of Korten, was developed in Ger- 
many some years before its first published 
description appeared in 1930. The method 
was designated as the "Koppers A.-G. 'lab- 
oratory method/ ” 158 which has distin- 
guished it from the larger-scale test 
methods later developed by the same com- 
pany. The method was characterized by 
the use of a "constant load.” usually 1 
kilogram per square centimeter, on the 
top surface of the coal charge throughout 
the 4-hour test. Other descriptions of the 
apparatus and test procedure have ap- 
peared. 59 ' 61 » 62 * 159 » 160 » 161 Foxwell gave 
1.165 and Mott and Spooner gave 1.16 
kilograms per square centimeter as the 
pressure applied to the coal charge. 

The coal container was an iron or steel 
crucible with a replaceable sieve bottom. 
The crucible was lined on the inside and 
bottom with asbestos, and was charged 
with 80 grams of minus 1.0-millimeter air- 
dried coal. The charge was compressed to 
a chosen fixed height to give a correspond- 
ing desired standard bulk density, and was 
then covered with asbestos. A sillimanite 
disk and a steel piston, each containing 
four vertically aligned holes to permit es- 
cape of gases and vapors from the top of 
the charge, were placed on the asbestos- 
wrapped charge. The top end of the pis- 
ton rod supported a lever at a point whose 
distance from the fulcrum of the lever was 
one-third that from the fulcrum to the 
point of suspension of the applied load. 
With this translation ratio of 3 to 1 and 

158 H. Koppers A.-G., Koppers Mitt., 12, No. 1, 
1-23 (1930). 

159 Heuser, P., thesis, Technische Hochschule, 
Aachen, 1930, 55 pp. typed. 

iso Foxwell, G. E., J. Inst. Fuel , 12, 281-300 
(1939) ; Gas World , 111, Coking Sect., 118-23, 
129-31, 141-2 (1939). 

i6i Mott, K. A., and Spooner, C. E., Fuel, 18, 
329-44, 371-9 (1939). 


a 10-kilogram loading weight the effective 
load on the coal charge was stated to be 
1 kilogram per square centimeter. Pro- 
vision was made also to use smaller weights, 
so that the load on the charge could be 
varied in steps of 0.2 kilogram per square 
centimeter. The longer arm of the lever 
carried a recording pen that registered on 
a rotating drum the vertical movement of 
the coal charge during the 4-hour test. The 
charge was heated by a standardized gas 
flame in a furnace that was claimed to give 
only unidirectional heating at the bottom 
of the crucible. Gases and vapors distill- 
ing from the coal charge through the per- 
forated bottom of the crucible and combus- 
tion gases from the burner escaped through 
four or eight openings in the firebrick ring 
below the crucible. 

Coals that showed some or much expan- 
sion during the first hour or two of the 
4-hour test period and little aftershrinkage 
were considered dangerous for coke-oven 
practice. Comparative results obtained in 
plant operation on the same coals over a 
period of years allowed the coals to be 
broadly grouped and correlated for coking 
purposes. Expansion curves based on a 
charge density of 750 kilograms per cubic 
meter or 46.8 pounds per cubic foot (dry- 
coal basis), showing millimeters of indi- 
cator movement plotted as ordinates 
against hours of heating as abscissas, were 
applicable to plant practice: (1) Coals 
whose curves rose above the zero line and 
finished in space a (0 to —4 millimeters) 
were considered very dangerous; in b (-4 
to —8 millimeters), dangerous; and in c 
(more than —8 millimeters), possibly 
dangerous ( transient expansion). (2) 
Coals whose curves did not rise above the 
zero line and finished in space a were con- 
sidered dangerous; in b , possibly danger- 
ous; and in c, harmless. Only coals of 
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type 2c can be stamp-charged with safety. 
Figure 8, for example, represents coal types 
la, 26, and 2c. 

This method of determining expansion 
did not simulate coke-oven practice in one 
important respect, namely, the coal 
throughout the test was under a constant 
load, which normally was greater than the 


were sometimes misleading, and an exact 
comparison of expansion pressures on dif- 
ferent coals could not always be made. 
The method has served qualitatively, how- 
ever, as a very useful guide when parallel 
data were available on the same coals when 
coked in commercial ovens. The method 
possessed the advantage over constant-vol- 



Fig. S. Curves for coals of different expansion characteristics. 188 


expansion pressure of the coal. At the 
outset this load increased the bulk density 
of the coal as charged; the extent of in- 
creased compression varied with different 
coals. During the test, the pressure of the 
.load caused the curve for a noncaking coal 
to fall very little, as this kind of coal did 
not soften and hence the diminution was 
due solely to degasification. On the other 
hand, for a coking coal whose decompo- 
sition during its softening period was in- 
creased by pressure, the curve fell quite 
markedly. The shrinkages indicated by 
the heights of the projected curves ob- 
tained by the above method, therefore, 


ume methods of requiring only 20 minutes 
to get the test started, after which very 
little supervision was needed. 

Swietoslawski, Roga, and Chorazy 120 
used the method of Korten and an appa- 
ratus constructed by H. Koppers. The 
vertical displacement of the loaded piston 
resting on the coal charge was registered 
through a lever system on a revolving 
drum, on which a curve of swelling and 
contraction was obtained. The heated coal 
was kept under a constant pressure of 0.2 
kilogram per square centimeter. The data 
obtained were not recorded but apparently 
were used in evaluating the briquetting 
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properties of slacks from anthracite and 
various kinds of bituminous coals. 

Roga 162 measured the expansion pres- 
sure of coal by the Korten-Koppers A.-G. 
method; he stated that expansion pressure 
depended on the plastic state of the coal 
developed during heating and on the 
nature of the nonmelting and melting sub- 
stances; which varied both quantitatively 
and qualitatively for different coals. He 
believed, also, that contraction occurred in 
the "third” stage of coking and depended 
on the amount of degasification. Besides 
the ability to cake and become plastic a 
good coking coal had to possess also a cer- 
tain expansion pressure because it made 
possible better saturation of the nonmelt- 
ing constituents. The course of gas evolu- 
tion and the thermostability of substances 
responsible for caking also were very im- 
portant. Caking gas coals were unsuited 
for coke production owing to the complete 
absence of expansion pressure, which made 
impossible sufficient impregnation of the 
whole mass of coal in the oven. 

Simek and Coufalik 107 used the Hoppers 
A.-G. laboratory apparatus 15S to measure 
the expansion pressure of three petro- 
graphic constituents — fusain, durain, and 
clarain — of an Ostrau-Kar win coal. Shrink- 
ing of the constituents was observed to 
increase slightly in the order named. All 
expansion curves, when projected as in the 
Hoppers A.-G. method, ended in the region 
b. The use of the "improved” apparatus 
of Paldicek and Pan us 163 gave similar re- 
sults. Simek and Coufalik concluded that 
no one of the petrographic constituents of 
the coal alone had a pronounced expansion 
power. 

162 Roga, B., Przevnysl Chem., 15, 314-6, 329- 
32 (1931) ; Chem. Abs 26, 2&7Q.-1 (1932). 

163 PavlICek, F., and Panu§, K., EomicTvy 
VestniJc , 16, 166 (1934). 


TYPE OF APPARATUS 

Kireher 164 determined the expansion 
pressure of 9 German coals and the after- 
shrinkage of their semicokes. The 80-milli- 
meter-diameter crucible was charged loosely 
with 100 grams of air-dried coal (50 to 60 
percent under 2 millimeters, or 60 to 70 
percent under 3 millimeters), the piston 
and piston guide plate put in place, and 
the assembly set in an electric furnace pre- 
heated to 900° C. The dynamometer 
spring was set to a tension of 4 kilograms 
by means of a set screw on the longer arm 
of the lever. The relative lengths (80 and 
480 millimeters) of the lever arms gave a 
translation ratio of 1 to 6, and an effective 
pressure on the top surface of the coal of 
around 0.5 kilogram per square centimeter 
(compared to about 1 kilogram per square 
centimeter in the "laboratory method”). 
The expansion pressure curve was recorded 
automatically on a revolving drum. 

Coals tested included samples from Vik- 
toria, Matthias, Gretchen, Wasserfall, Son- 
nenschein, Girondeile, Finefrau Nbk., Fine- 
frau, and Mausegatt Seams, containing 
31.2, 29.3, 22,5, 19.3, 19.6, 17.4, 15.5, 16.3, 
and 14.7 percent of volatile matter [pure- 
coal basis], respectively. The first 4, 
higher-volatile (lower-rank), coals showed 
very little expansion pressure, but appre- 
ciable shrinkages of their semicokes. Be- 
ginning with the Sonnenschein Seam coal a 
strong expansion pressure was developed, 
which attained its maximum in the Fine- 
frau Seam coal, whereas the Mausegatt 
Seam coal showed a small shrinkage. The 
data were related to results obtained on 
these coals in commercial coke ovens. 

The Hoppers A.-G. "laboratory meth- 
od” 158 was used by Mott and Spooner 161 
under their own designation of "Hoppers 
small-scale swelling test” or "old standard 

164 Kireher, A., Gliiclcaufj 74, 725-32, 750-6 
(1938). 
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test.” In a later paper, 165 Mott said that 
the equipment was the standard used in 
Germany. However, Mott and Spooner 161 
stated, “The magnification of the move- 
ment of the plunger is 3.6/1. A weight is 
hung from the arm to give a pressure on 
the coal of 1.16 kilograms per square centi- 
meter (16.5 pounds per square inch).” 


results of temperature measurements at 
points near the top and bottom of the 
charge, were developed to increase the 
temperature of the charge. Changes in the 
size of coal and pressure applied also were 
introduced. The construction features and 
test conditions in the three test methods 
are summarized in Table III. 


TABLE III 


Summary, of Conditions Used by Mott and Spooner 




(Ordinary 

(Insulating 



Firebrick) 

Firebrick) 


Old Standard 

Modified 

Modified 


Test 1 

Test 2 

Test 3 

Upper furnace firebrick 

Ordinary 

Ordinary 

Insulating 

Lower furnace firebrick 

Ordinary 

Insulating 

Insulating 

Waste gas offtakes in lower firebrick 

4 

8 

8 

Weight of coal, grams 

80 

80 

80 

Size of coal, I. M. M. mesh 

-10 

10-20 

10-20 

Dry bulk density, kg/cu m 

750 

750 

750 

Pressure, kg/sq cm 

1.16 

1.16 

0.5 

Rate of heating 




Bottom of charge, °C/min 

6.7 

25 

33 

Top of charge, °C/min 

0.5 * 

4.5 

9 

Temperature of charge 




1 mm from bottom, C C 

600 

850 

940 

1 mm from top, °C 

400 

440 

750 

Time of test, hours 

4 

2 

2 


* Over range of 400 to 480® C only. 


These values differ from the more usual 
values of a magnification of 3 to 1 and a 
pressure of 1.0 kilogram per square centi- 
meter (in one case, 160 1.165 kilograms per 
square centimeter) given in earlier descrip- 
tions of the apparatus. 59 - 61 » 62 » 158 » 159 > iso 
Mott and Spooner 161 believed that tem- 
peratures reached during the test in the 
Hoppers A.-G. “laboratory method” 158 
were too low to obtain reliable information 
on the shrinking properties of the coke 
produced. Two modifications, in construc- 
tion of the “old standard test,” based upon 

R. A., J. Inst. Fuel , 13, 189-200, 
257-64 f 1940). 


Under the test conditions in “old stand- 
ard test 1” the coal did not pass completely 
through the plastic range (assumed to be 
400 to 500° C) at the top of the charge, 
despite the fact that the test was prolonged 
for 4 hours. In modified test 3 a tempera- 
ture of 720° C was obtained at the top of 
the charge after 2 hours. Beyond this the 
temperature rose slightly, but the reactions 
were substantially complete after 2 hours, 
which time, therefore, was taken, as the 
test period. 

Comparison of results obtained on the 
same coals by the three test methods 
showed that the use of sized (10- to 20- 



247 


CONSTANT-PRESSURE 

mesh) coal in the two modified test meth- 
ods gave less expansion than resulted from 
the use of minus 10-mesh coal in the old 
standard test. Mott and Spooner con- 
cluded that “the use of coal of 10- to 20- 
mesh size would not alter the petrographic 
characteristics of a coal in such a way as 
to give a misleading result.” They based 
this conclusion upon experiments made on 
three mixtures of bright coal and durain. 
Durain was determined by their own meth- 
od. 166 Both constituents, originally of y 2 - 
to % -inch size, were crushed to pass 10 
mesh, and then sieved into “under 10, ” “10 
to 20,” and “under 20” mesh fractions. 
The percentages of durain in the several 
fractions did not differ greatly from the 
amounts contained in the original starting 
mixtures. The first mixture, containing 10 
percent of durain originally, showed 12, 10, 
and 12 percent of durain in the “under 
10,” “10 to 20,” and “under 20” mesh frac- 
tions, respectively. The second mixture 
(20 percent durain) gave 23 percent of 
durain in each of the three fractions. The 
third mixture (30 percent durain) showed 
28, 34, and 24 percent of durain in the 
“under 10,” “10 to 20,” and “under 20” 
mesh fractions, respectively. 

Mott and Spooner concluded that, since 
only a few coals contain more and most 
coals usually contain much less than 25 
percent of durain, it is unlikely that coals 
which are dangerous to oven walls would 
contain much durain. Furthermore, the 
use of 10- to 20-mesh ‘coal would omit all 
the fusain and thereby tend to make the 
coal appear slightly more dangerous than 
the total coal actually would be, thus giv- 
ing a small factor of safety to which no 
one would object in expansion studies. 

Presumably, the initial (%- to %-inch) 
sizes of the bright coal and durain in the 

166 Spooner, C. E., and Mott, R. A., Fuel, 16, 
96-106 (1937). 
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mixtures used by Mott and Spooner rep- 
resented all the original bright coal and 
durain. Otherwise, the mixtures would not 
be representative of the two starting con- 
stituents, since bright coal, especially, is 
often very friable. Moreover, the rejec- 
tion of coal under 20 mesh in modified 
tests 2 and 3 might well eliminate some 
strongly swelling, bright coal, thus making 
the sample nonrepresentative, and at the 
same time reduce the swelling observed, 
giving consequently an erroneous conclu- 
sion of the dangerous or safe character of 
the sample, particularly when borderline 
coals are tested. It seems safer practice to 
include all the coal, as is done in most 
experimental methods and in commercial 
practice. 

It is not clear just what factor was used 
in calculating the expansions and contrac- 
tions observed in millimeters to the per- 
centage basis. Mott and Spooner 161 stated 
that “the swelling and contraction re- 
corded in millimeters may be corrected to 
a percentage basis by dividing by 1.27.” 
This statement referred to the data of 
their Table III 161 and to other data re- 
ported throughout their paper for tests 
using a bulk density of 750 kilograms per 
cubic meter (46.8 pounds per cubic foot) 
dry basis and a height of 37.5 millimeters 
for the coal charge. 161 It is not clear how 
this factor of 1.27 was derived. Mott and 
Spooner 161 cited “a Durham coal w T hich in 
the standard test gave an expansion of 15 
millimeters (11.1 percent.)” This percent- 
age value would result from a calculation 
using a 3.6 magnification of the movement 
of the plunger and a height of 37.5 milli- 
meters for the coal charge. Thus, 15 
millimeters X 100/ (3.6 X 37.5) millimeters 
equals 11.1 percent. However, the factor 
here is 100/(3.6 X 37.5), or 1.35, and not 
1.27. Which factor, 1.27 or 1.35, was actu- 
ally used by Mott and Spooner could not 



PLASTIC PROPERTIES OF COALS 


be established. Percentages calculated 
from recorded millimeters of expansion 
and contraction, using either factor, do not 
check with percentages recorded for the 
same test elsewhere in their paper. It is 
unfortunate that such discrepancies occur, 
because much of the value of comparative 
test data is thereby lost. However, re- 
gardless of which factor was used in indi- 
vidual cases, the percentages .of swelling 
and contraction reported by the three test 
methods would be fairly relative to each 
other, and, assuming the correctness of the 
reported value in millimeters, would not 
be far out of line. 

Mott and Spooner determined the ex- 
pansion characteristics of 42 different 
coals by one or more of the three test 
methods just described. Results by the 
three methods did not always lead to the 
same conclusion as to the degree of safe 
or dangerous expansion of an individual 
coal. Ten coals suspected of being danger- 
ous under certain conditions and 3 coals 
known to have caused damage to oven 
walls in coke-plant operation were there- 
fore tested also by at least two other 
widely used methods. The data obtained 
by Mott and Spooner by six different test 
methods, and those obtained by the U. S. 
Bureau of Mines on 4 of the same coals, 
will be summarized and discussed later in 
the section "Comparison of Expansion 
Pressure Test Methods and Results" (see 
page 305). 

A modified Hoppers "'const ant-pressure"' 
test method apparently has been used in 
most of the investigations of the swelling 
properties of Russian (U.S.S.R.) coals. 
Descriptions of the test method have been 
published in Russian 167 » 16S and in Eng- 

167 Sapozhnikov, L. M., Domez, 1931, No. 6, 
46-62. 

168 Sapozhnikov, L. M., and Bazilevich, L. P., 
Khim. Tverdogo Topliva, 3, Nos. 2-3, 79-102 
(1932). 


lish. 154 ’ 155 Except for possibly the first 
investigation, the apparatus was modified 
to permit simultaneous measurements of 
the thickness of the plastic layer along with 
the linear expansion and- aftershrinkage 
(termed "final drop" or "final settling" of 
the coke) of the coal charge during car- 
bonization. The developed test method 
was called the "plastometrie investigation." 
Since most of the tests with the apparatus 
have emphasized data for special proper- 
ties of the plastic layer of the coal charge, 
the test method will be described sepa- 
rately in a later section of this chapter (see 
page 280). 

. Comparative studies of the constant- 
pressure Hoppers A.-G. laboratory method 
and constant-volume test methods have 
been made by Baum and Heuser 159 » 61 and 
by Lambris. 99 ' 169 For convenience, the 
results of these studies will be summarized 
in the following section. 

Comtant-Volume Type of Apparatus. 
This method differs from the constant- 
pressure type in that the external load 
applied to the coal is so regulated that the 
charge cannot expand beyond its original 
volume (or beyond some defined limit) 
during the test period. The loading pres- 
sure, therefore, always opposes the expan- 
sion pressure developed by the coal. 
Usually, the constantly held volume of the 
charge is recorded as a straight horizontal 
line, and the expansion pressure by a curve 
on the same or separate revolving drums. 

Damm 3 modified the Horten (constant- 
pressure) test method so that the coal 
charge was maintained at a constant vol- 
ume, that is, never exceeding its original 
volume during the test. The maximum 
load required to accomplish this, expressed 
in kilograms per square centimeter pres- 
sure applied to the top surface of The coal 

169 Lambris, G., Gas- u. Wasserfach, 76, 1-3 
<1933 ). 
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charge, was defined as the expansion pres- 
sure ( Treibdruck ) of the coal. The ratio 
of the original to the final height of the 
charge, expressed in percent, gave the 
aftershrinkage of the coke. 

Swelling curves obtained under no added 
load and expansion pressure curves deter- 
mined under loads just sufficient to pre- 
vent an increase in the volume of the coal 
charge were constructed from data ob- 
tained on 6 representative German coals 
from Upper and Lower Silesia and West- 
phalia. For example, a high-swelling coal 
under no added load showed about 47 
millimeters of free swelling, whereas under 
a load of 0.4 kilogram per square centi- 
meter, the swelling force was exactly bal- 
anced. When the 6 coals were arranged 
in the order of their increasing expansion 
pressures, the order, in general, was the 
same as that of their increasing rank ac- 
cording to carbon content (ash-free basis) 
but inversely to that of the reactivity of 
their cokes toward carbon dioxide. The 
method required constant supervision to 
make the necessary adjustments in load to 
keep the volume of the coal charge con- 
stant during the test. Even then, some 
inaccuracies were introduced in the meas- 
urements because these adjustments could 
not be made quite simultaneously with the 
beginning of changes in the volume of the 
charge. 

Hofmeister 62 measured quantitatively 
the magnitude and duration of the expan- 
sion pressure and of subsequent shrinkage 
of a large number of German coals. The 
coal charge was carbonized under constant 
volume until shrinkage set in. His method 
was based on that of Damm 3 but showed 
essential changes. A study of the influence 
of various factors during coking showed: 
that the expansion pressure (1) increased 
in general with increased rate of heating; 
(2) increased for both dry and moist coals 
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with increased bulk density, which itself 
depended on the size and closeness of pack- 
ing of the coal; (3) decreased at constant 
bulk density with decrease in particle size 
of the coal; (4) decreased with additions 
of moisture up to 5 percent; and (5) de- 
creased with additions of diluents such as 
coke breeze. The observation that an in- 
creased rate of heating or reduction in car- 
bonizing time increased the expansion pres- 
sure was criticized by Koppers and Jenk- 
ner. 59 Hofmeister found that the expansion 
pressures exerted by coal mixtures were 
not the mean of those of the constituent 
coals, often departing as much as -j-150 to 
— 50 percent from the mean value. The 
cause of expansion pressure was discussed 
very briefly. Hofmeister considered swell- 
ing to have only secondary importance, 
whereas expansion pressure has an impor- 
tant influence upon coke formation and is 
not an entirely undesirable property of 
coal. 

Hofmeister claimed the following advan- 
tages of his method over that of Damm: 3 
(1) saving of time; (2) greater accuracy 
(within 0.01 kilogram per square centi- 
meter or within 2 percent of the expansion 
pressure value in duplicate tests compared 
with somewhat less than 0.5 kilogram per 
square centimeter checks in duplicate tests 
by Damm’s method); (3) lower pressure 
applied to the coal charge at beginning of 
test; and (4) good agreement with the 
data of Damm on the same coals. Hof- 
meister's test had to be supervised closely 
during the 3-hour test period. The load 
was usually first applied after expansion 
started and was then varied correspond- 
ingly to keep the volume of the charge 
constant. 

Pieters 104 determined the swelling pres- 
sure of coal under conditions of constant 
volume. With increased external pressure 
the coal mass became more compact with 
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less pore volume, which caused swelling at 
lower temperatures. Swellings were ob- 
served between 360 and 460° C for coking 
coals; at 650 to 825° C definite shrinkages 
occurred. Noncaking coals showed no 
swelling but gradual shrinkage during the 
whole period of their destructive distilla- 
tion. 

Baum and Heuser 159 « 61 made a careful 
study of earlier methods for determining 
the expansion pressure of coal. Of these, 
they considered the constant-pressure 
method of Koppers A.-G. 15S and Hofmeis- 
ter’s modification 62 of the Damm constant- 
volume method 3 worthy of further special 
studies. Comparative tests of the Koppers 
and Hofmeister test methods were made 
by Baum and Heuser with particular re- 
gard to ^whether these methods actually 
provided strictly unidirectional heating. 
They found that at any one stage of heat- 
ing in the Hofmeister method the primary 
tar was released from the charge in U- 
shaped layers which moved upward and 
inward as the heating progressed, whereas 
in the Koppers method the primary tar 
was released from layers exactly parallel to 
the base of the crucible. They concluded 
that the Hofmeister crucible must have 
been heated to a certain extent from the 
side, and, therefore, that the observed ex- 
pansion pressures were accordingly lower 
than if the heating had been strictly uni- 
directional. Baum and Heuser believed, 
however, that other features of the Hof- 
meister method were better adapted to 
true measurements of expansion pressure 
and, therefore, modified the apparatus in 
several respects to improve the method of 
heating and general operating technique. 

The inner construction of the electric 
furnace was changed to allow the progress 
of coking to proceed exactly parallel to the 
base of the crucible and in a vertical di- 
rection toward the piston, so that the total 


expansion pressure acted on the piston 
head. The data obtained were plotted 
using load in kilograms per square centi- 
meter as ordinates versus time in hours as 
abscissas. The values of the ordinates 
were translated directly into values of the 
expansion pressures by multiplying by the 
number of load springs used. The expan- 
sion pressure curve for coal I showed a 
maximum load of 0.3 kilogram per square 
centimeter, or a maximum expansion pres- 
sure of 0.6 kilogram per square centimeter; 
for coal II a maximum load of plus 0.4 
kilogram per square centimeter, or a maxi- 
mum expansion pressure of 1.29 kilograms 
per square centimeter; and for coal III a 
maximum load of 1.1 kilograms per square 
centimeter, or a maximum expansion pres- 
sure of 2.2 kilograms per square centimeter. 
Coals I and II showed contractions in vol- 
ume of 5.4 and 2.7 percent, respectively; 
coal III showed an increase in volume of 
5.2 percent. 

Tests were made also in the Kop- 
pers A.-G. constant-pressure apparatus. 158 
The data were plotted using movement of 
the pointer in millimeters as ordinates ver- 
sus time in hours as abscissas. Coal I was 
adjudged to be nonswelling, markedly con- 
tracting, and, at normal bulk density, abso- 
lutely harmless, a conclusion that was con- 
firmed by experience. Coal II was found 
to be strongly swelling temporarily, but 
possessing sufficient aftershrinkage. Coal 
III was considered to be an extraordinarily 
high swelling coal and one that did not 
shrink. The increase in volume here was 
about 10.4 as against only 5.2 percent in 
the modified Hofmeister constant-volume 
test method. The difference in shrinkage 
was attributed to the incompleteness of 
the final evolution of the volatile matter 
because a temperature of only 450° C was 
reached in the upper portion of the coal 
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charge and 650° C in the lower portion in 
the Koppers A.-G. apparatus. 

Comparison tests were made on the 
same coal by the modified Hofmeister lab- 
oratory method and the Koppers A.-G. 
large-scale oven test 59 with one movable 
wall whose movement was transmitted to 
an oil-pressure cylinder and quantitatively 
recorded. The expansion pressures found 
were 2.1 kilograms per square centimeter 
in the laboratory test and 1.9 kilograms per 
square centimeter in the large-scale test. 
This difference was attributed to the fact 
that “in a test crucible not even the slight- 
est expansion or compression of the coal 
is possible, and that, therefore, the total 
expansion pressure is registered,” whereas 
in the oven chamber the coal had a certain 
possibility of expansion, and, further, that 
a part of the expansion pressure was lost 
by compressing the loose coal toward the 
oven center. [Apparently the authors neg- 
lected the thermal expansion of the test 
cylinder in drawing the above conclusion.] 

Baum and Heuser 159 * 61 also investi- 
gated the direct influence of various sieve 
fractions of a dangerously expanding Ruhr 
coal and of its petrographic constituents on 
the expansion pressure as determined by 
the Koppers A.-G. method. 158 The whole 
coal and its sieve fractions — under 0.2, 0.2 
to 0.5, 0.5 to 1.0, 1.0 to 2.0, 2.0 to 4.0, and 
greater than 4.0 millimeters — were tested. 
The smallest size gave the greatest decrease 
in expansion pressure; the next three 
larger sizes showed much less, but nearly 
equivalent expansion pressures; the two 
largest sieve sizes and the whole coal 
showed still less, although almost identical, 
expansion pressures. Samples smaller than 
1 millimeter were ground from the larger 
sizes, and all the tests were made at bulk 
densities of 800 kilograms per cubic meter. 
It would appear that these samples would 
not be representative of the coal. The 
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sieve size of the whole coal was not stated. 
Presumably, it was under 1.0 millimeter if 
the Koppers A.-G. method was followed 
strictly. Suggestions were offered that the 
fine sizes had undergone more oxidation and 
that the size under 0.2 millimeter may have 
contained considerable fusain, since its cok- 
ing residue appeared to have sintered only 
slightly. These suggestions would account 
for the lower expansion pressures observed 
in the finer sizes than were observed for 
the larger sizes. 

Expansion curves were next determined 
on the fusain portion of this coal at bulk 
densities of 750 and 800 kilograms per 
cubic meter. These tests showed the ex- 
pansion pressures to be quite independent 
of the density, and the residues were not 
in the least sintered and had not shrunk. 

The durain (dull) portion of this coal, 
when tested under like conditions, showed 
that the charge of 750 kilograms per cubic 
meter would be harmless, whereas that of 
900 kilograms per cubic meter closely ap- 
proached the dangerous zone. 

The vitrain or bright portion of this 
coal at bulk densities of 750, 800, and 900 
kilograms per cubic meter showed high 
expansion pressures and unsatisfactory 
shrinkages. 

The clarain portion of another coal, 
tested at bulk densities of 750, 800, and 900 
kilograms per cubic meter, showed almost 
identical expansion curves at the two lower 
densities and would be judged as harmless. 
The charge of 900 kilograms per cubic 
meter, however, developed very dangerous 
expansion properties and gave but little 
shrinkage. The results were in keeping 
with plant practice on this type of coal. 
The vitrain portion of this coal, tested at 
the same bulk densities, showed high ex- 
pansion pressures in all instances and but 
little shrinkage, indicating a very danger- 
ous coal under all these conditions. 
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An English coal of high vitrain content, 
tested at the same bulk densities, though 
showing similar expansion pressures, had a 
high degree of shrinkage. The counter- 
action of this shrinkage upon the expan- 
sion would make this coal more satisfac- 
tory for oven operation. A Ruhr cannel 
coal and an English durain (dull coal) 
were each tested at bulk densities of 750 
and 900 kilograms per cubic meter. These 
coals acted alike; all tests indicated large 
shrinkage and no expansion. The shrink- 
ages of the 750 kilograms per cubic meter 
charges were more pronounced with time 
than those of the 900 kilograms per cubic 
meter charges. 

Lambris 99 adopted the conceptions of 
Blahen and Treiben as defined by 
Damm. 3 ’ 4 To study these properties, 
Lambris investigated 12 coking coals of 
varying rank from the Rhenish-West- 
phalian district. The expansion pressures 
were measured by the Damm constant-vol- 
ume modification 3 of the Korten meth- 
od 157 and by the Koppers A.-G. constant- 
pressure method. 158 Bulk densities between 
790 and S10 kilograms per cubic meter were 
used in all tests. Results obtained by the 
two test methods were in good qualitative 
agreement. Expansion pressures, meas- 
ured by the constant-volume method, 
ranged from zero to 4.S0 kilograms per 
square centimeter. The 1 coal showing 
zero expansion pressure was strongly in- 
filtrated with splint coal. The 4 coals 
showing the highest expansion pressures 
(4.00, 4.31, 4.80, and 4.80 kilograms per 
square centimeter) were predominantly 
bright coals, containing but very little 
splint coal and fusain. These 4 coals also 
were very strongly expanding by the con- 
stant-pressure test method. They sup- 
ported a total load of 30 kilograms on the 
coal charge, and, in some instances, were 
said to raise the lever arm above its “null” 


position. Numerical data for this method 
w T ere given for only 1 coal. The data 
showed that this coal expanded through- 
out the test to a maximum of about 1 milli- 
meter above the null line. This coal gave 
an expansion pressure of 4.80 kilograms per 
square centimeter by the constant-volume 
method. 

Using well-recognized methods, modified 
slightly in some instances, Lambris deter- 
mined also the proximate analyses, coke 
yield (Bochum method), softening point, 3 
degree of swelling, 51 ’ 170 caking capacity, 122 
course of degasification, 3 plasticity, 111 ’ 103 
pressure extraction with benzene, 171 and 
low’-temperature tar yield 172 on the same 
12 coals. Except for a rough parallelism 
between the expansion pressures and the 
degrees of swelling shown by 8 of the 12 
coals, no consistent relationships that could 
be expressed numerically were found among 
the results of the several tests. All coals 
that showed expansion pressures during 
coking were both swelling and caking; all 
swelling coals caked; and some strongly 
caking coals neither swelled nor showed 
expansion pressures. These relations de- 
pended upon the physical and chemical 
properties of the fused coals. Some coking 
coals giving virtually the same middle de- 
gasifications (between 25° C below and 
25° C above the softening point) showed 
very great differences in caking capacity, 
degree of swelling, and expansion pressure. 

Lambris also studied the stepwise loss of 
the expansion pressure, degree of swelling, 
and agglutinating value properties caused 
by heating 4 of the coals (2 very strongly 
expanding and 2 feebly expanding) for 

170 Pieters, H. A. J., Het Gas, 49, 219-21, 
310-5, 523-32 (1929). 

in Fischer, F., Broche, H., and Strauch, J., 
Brennstoff-Ghem 5, 299-301 (1924), 6, 33-43 
(1925) ; Fuel, 5, 466-75 (1926). 

172 Fischer, F., Brennstoff-Ghem 2, 229-37 
(1921) ; Elehtrotech . Z. f 42, 809-14 (1921). 
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prolonged periods of time at 200° C in an 
atmosphere of nitrogen. The magnitude of 
the units expressing these properties 
dropped in the order named, that is, the 
expansion pressure first fell to zero' within 
2 to 8 hours, the degree of swelling dropped 
10 to 40 percent, and the agglutinating 
number (Meurice) either rose or fell. With 
continued heating up to 24 to 48 hours, 3 
of the coals lost all their swelling power, 
and the agglutinating numbers dropped 
gradually. The results obtained by the 
preheating treatment were compared with 
conditions in the commercial coke oven. 
It was concluded that coals that show the 
most rapid loss of expansion power by pre- 
heating should be considered the least 
dangerous in a coke oven. In other words, 
even though a coal shows high initial ex- 
pansion pressure, if this is reduced early 
enough in the coking process, no danger 
to the oven walls should result. 

After 3 months’ storage of the powdered 
samples at ordinary temperatures in closed 
glass vessels from which the air had not 
been removed previously, each of these 
same 4 coals was tested for softening tem- 
perature, expansion pressure, degree of 
swelling, and agglutinating number. The 
softening temperature of each coal was 
found to have increased 75 to 90° C, which 
corresponded with the temperature of 
maximum plasticity by the Foxwell meth- 
od, whereas the expansion pressure, de- 
gree of swelling, and agglutinating num- 
ber did not change appreciably. Samples 
selected from the middle of the stored 
lumps of these 4 coals behaved similarly. 
The suggestion was advanced that the de- 
cided increase of the softening point caused 
by storage was due to the secondary con- 
stituents in the bitumens, whose presence 
and melting points do not appreciably af- 
fect the other three properties. 

Lambris concluded that the sensitiveness 


of the four important coal properties — 
softening point, expansion pressure, degree 
of swelling, and cakability — decreases in 
the order named. In other words, one of 
these properties can be destroyed within 
its conversion range by prolonged pre- 
heating in an inert atmosphere at low tem- 
peratures (200° C) or by storage in a lim- 
ited amount of air without affecting ma- 
terially, or at all, the next named property 
or properties in the series. 

In a later study Lambris 169 investigated 
the effects of certain impurities, such as 
occur in commercial nitrogen, of the oxy- 
gen and sulfur (free and combined) in coke- 
oven gases and of the addition of boric 
acid upon the expansion pressure, soften- 
ing behavior, and yield of distillation prod- 
ucts of expanding coking coals. Preheat- 
ing the bituminous coals in the presence of 
any of these agents at 100 to 200° C, even 
if their oxygen content was less than 1 per- 
cent, completely destroyed the swelling 
power of the coal; the tests using boric 
acid even gave a negative expansion pres- 
sure. However, boric acid mixed with coal 
and heated for 1 hour at 300° C in an 
oxygen-free atmosphere caused no change 
in the expansion pressure. The explana- 
tion given was that the boric acid was dis- 
solved out again. On the contrary, when 
the coal was mixed with 0.3 to 0.5 percent 
of boric acid and heated progressively 
within the softening stage, the coal no 
longer showed expansion. The hypothesis 
was advanced that the boric acid formed 
complexes with the organic hydroxyl com- 
pounds, particularly with the phenols, and 
thus removed part of the normal cleavage 
products. 

The expansion pressure (Damm method) 
of a coal giving a coke yield of 75 to 80 
percent [Bochum method] was completely 
destroyed after heating with an admix- 
ture containing 0.5 percent boric acid. In 
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the Koppers apparatus a strongly expand- 
ing coal with the same amount of boric 
acid added gave similar results. With 1 
percent addition of boric acid to the latter 
coal the tar yield was reduced from 5.0 to 
3.5 percent, but with additions of 2 to 50 
percent the tar yield remained constant at 
3.25 percent. The yield of gases under the 
same conditions fell about- a third, but the 
coke yield was increased about 2 percent. 
The tar produced from the coal directly 
was dark brown and viscous ; that from the 
coal with the addition of boric acid was 
thinly fluid and yellow to yellowish brown, 
the yield of honviscous oils was essentially 
greater, and those of phenols and benzene- 
insoluble were smaller. The evolved tar 
and gases w T ere always found to be free of 
boric acid. The explanation w r as offered 
that a large part of the volatile products 
I was fixed by the action of the boric acid. 
Tests of the cokes showed that 95 percent 
of the original boric acid remained in the 
coke; the other 5 percent was assumed to 
be volatilized with the water of decompo- 
sition. 

Additions of boric acid to a bright-coal 
concentrate reduced the tar yield to 65 per- 
cent of that normally obtained from the 
bright coal. Similar treatments of splint- 
coal concentrates gave a 93 percent yield 
of the normal amount of tar from splint 
coal. The suggestion was offered that had 
the splint-coal concentrate been entirely 
pure no reduction in tar yield would have 
occurred. 

The effect of the addition of increasing 
proportions of boric acid upon the soften- 
ing curve of a fat coal (analysis not given) 
w r as studied. Softening curves were deter- 
mined by means of a penetrometer method. 
Additions of 0.5, 1.0, 2.0, and 5.0 percent 
of boric acid did not affect appreciably the 
softening temperature of the coal but pro- 
gressively reduced the depth to which the 


needle sank into the coal briquet and 
changed the course of the softening curve 
up to the addition of 2.0 percent boric 
acid, above which further addition pro- 
duced ho changes. 

Nedelmann 96 modified the test appara- 
tus of Baum and Heuser. 159 * 61 Some addi- 
tional information concerning the appara- 
tus and test procedure, which was not ap- 
parent from the diagram of the apparatus 
or description in the original short article 
by Nedelmann, has been presented by Fox- 
well. 160 Foxwell gave both a photograph 
and an excellent diagram of the apparatus 
and described the test procedure in detail. 
He also suggested a set of tentative stand- 
ards defining test conditions and the dan- 
gerous or safe expansion characteristics of 
coal. Nedelmann tested 3 coals, each con- 
taining 10 percent moisture. Expansion 
pressure values ranged from 0.19 to 0.40 
kilogram per square centimeter, and dupli- 
cate tests checked within 0.01 to 0.02 kilo- 
gram per square centimeter. The percent 
shrinkage of 1 coal, tested at a charge 
density of 730 kilograms per cubic meter, 
checked exactly, whereas those of the other 
2 coals, each tested at charge densities 
of 750 kilograms per cubic meter, both 
showed a difference of 0.6 percent in their 
duplicate tests. 

Broche and Nedelmann 64 used the 
method of Nedelmann to measure the ex- 
pansion pressure of bright and dull' coals. 
Bright coals gave an expansion pressure of 
0.42 to 0.65 kilogram per square centimeter, 
whereas dull coals showed no expansion 
pressure but gave a shrinkage of 7.8 to 
10.5 percent. 

Shimomura 95 also used the Nedelmann 
apparatus. The coal was charged with a 
moisture content of 10 percent and was 
compressed to a bulk density of 770 kilo- 
grams per cubic meter on the wet-coal 
basis. Shimomura divided caking coals 
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into two classes: “hard” and “soft.” The 
“hard” coals were defined as those that 
showed an expansion pressure of about 0.1 
kilogram per square centimeter. Results 
on Yubari and Hashima coals showed ex- 
pansion pressures of 0.04 and 0.11 kilo- 
gram per square centimeter, respectively. 
When blended with 30 percent of (a) an- 
thracite, ( b ) coking coal, (c) high-volatile, 
highly oxygenated coal, (d) oxidized coal, 
similar to (c), ( e ) 450° C semicoke, (/) 
500° C semicoke, ( g ) coke breeze, and ( h ) 
quartz sand, no expansion pressure was ob- 
served in any of these blends.. The (6) 
coking coal was stated to have an expan- 
sion pressure of 0.17 kilogram per square 
centimeter. 

Schlapfer and Muller 86 modified their 
swelling test apparatus (see page 197) to 
determine the expansion pressure of coals. 
Boltigen, Neumuhl, Heinitz, and La Houve 
coals showed expansion pressures of 0.42, 
0.71, 0.38, and 0.17 kilogram per square 
centimeter and swellings of 81, 46, 25, and 
2 millimeters, respectively. The lack of 
parallelism in the two sets of results was 
pointed out. The abnormal relationship of 
the results on Boltigen coal was explained 
by the fact that this coal formed a coke of 
fine, fused lamellae, which in the plastic 
state could not withstand a large counter- 
pressure. Similar tests made upon these 
same coals, preheated at 250° C for 15 min- 
utes, showed expansion pressures of 0.13, 
0.16, and 0.13 kilogram per square centi- 
meter, and swellings of 2, 0, and 0 milli- 
meter, respectively, for the first 3 coals, 
and zero expansion (no coke formation) 
and only a powder for the La Houve coal. 
Preheating of the coals had caused an al- 
most complete loss of their individual char- 
acteristics, explained by the loss of swell- 
ing capacity of the solid bitumens. The 
measured pressures seemed to be limited 
solely by the structure-loosening (pore- 
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widening) theory of Damm. Briefly, this 
theory postulated that the loosening of the 
structure of the coal produced by heating 
leads to a change in volume of the charge 
which actually is the cause of the expansion 
pressure. 173 

Taylor 174 determined the “actual swell- 
ing pressure” exerted by the swelling of 
the plastic layer of coal, apart from the 
neutralizing effects of counterpressure pro- 
duced by compression of the coal outside 
of the plastic layer and by secondary con- 
traction of coke already formed. For this 
objective, he used a modified Damm-Hof- 
meister apparatus. 

A large number of high-agglutinating- 
value coals were tested and the results cor- 
related with the tendency of the coals to 
produce “spongy” coke under commercial 
conditions. Eight of the coals tested had 
previously been coked in an actual battery, 
and 7 of the coals in an 18-inch experi- 
mental oven. In each instance, the car- 
bonizing time was 18 hours. Spongy cokes 
were produced in the battery from coals 
showing pressures in the test apparatus 
using loads above 45 to 50 kilograms, and 
in the experimental oven from coals show- 
ing pressures under loads of 50 to 55 kilo- 
grams. The lower limiting pressure in the 
battery was attributed to the greater 
height of the oven — 14 feet, as compared 
with 8 feet in the experimental oven — with 
consequent increase in bulk density in the 
oven battery. Taylor did not convert his 
measured kilogram values, called “swelling 
pressures” by him, into the more com- 
monly expressed kilograms per square cen- 
timeter pressure units. He believed that 
before this is done tests should be carried 
out in retorts of different cross sections. 

Taylor defined two kinds of sponge: (a) 

its Damm, P., Brennstoff-Chem ., 10, 191-5, 
217-21 (1929). 

174 Taylor, J„ Fuel , 10, 390-3 (1931). 
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attached sponge, which sometimes is found 
on the inner ends of coke, and ( b ) de- 
tached sponge, or the mass of sponge 
formed above the top of the charge. Some 
coals, even those with low swelling pres- 
sures, showed prominent attached sponge, 
which was assumed to be the result of sec- 
ondary contraction as much as of swelling 
pressure. The theory was advanced that, 
near the end of coking in the coke oven, 
the final last inch or so of coal is carbon- 
ized as an open texture and spongy coke, 
or attached sponge. 

The swelling pressure of a number of 
differently proportioned blends of two coals 
was determined. The experimental values 
checked fairly well those of values calcu- 
lated on the assumption that the swelling 
pressure of a blend is the arithmetical mean 
of that of its constituent coals. Borne tests 
also were made on the effect of the con- 
stituents of ternary blends in reducing 
swelling pressure. 

A decrease in bulk density, brought 
about either by lower compression of the 
charge or by addition of water, lowered 
the swelling pressure. This swelling pres- 
sure increased with increase in rate of 
heating up to a certain maximum, and 
then decreased. The addition of 5 percent 
of shale passing a 90 I. MAI. sieve to a coal 
with a swelling pressure of 60 kilograms 
caused no material change. The addition 
of 20 percent of coke passing a 90 I.M.M. 
sieve to a coal of greater than 60 kilograms 
swelling pressure reduced this to 30 kilo- 
grams. An addition of 20 percent of coke 
between 30 to 60 I.M.M. sieve caused but 
little change, and even with a 25 percent 
addition the swelling pressure was still 40 
kilograms. The results showed that a large 
amount of coke breeze was required to 
reduce the swelling pressure of a very 
highly swelling coal, and the efficiency of 


the addition fell rapidly with increasing 
particle size. 

Taylor pointed out that the highly swell- 
ing English coals that he tested and that 
showed detached sponge caused no dam- 
age to the oven walls. As compared with 
German coals, which w r ere known to cause 
damage, he suggested that the English 
coals probably gave higher secondary con- 
traction and that the dangerous peak pres- 
sure that occurred, according to Koppers, 
at 4 to 6 hours before the end of carboni- 
zation was partly released by the frothing, 
which led to sponge formation. Further- 
more, all the English coals tested were high- 
agglutinating coals, as compared with the 
lower-agglutinating German coals. 

Five of the coals tested by Taylor 
showed swelling pressures greater than 60 
kilograms, which would amount to more 
than 7.1 kilograms per square centimeter 
on the 8.5 square centimeters cross section 
of the tested coal charges. No compar- 
able values on the same English coals are 
available, but swelling pressures of more 
than 7.1 kilograms per square centimeter 
are undoubtedly higher than would be 
observed by the usual laboratory expan- 
sion pressure test methods, because they 
allow a part of the actual pressure devel- 
oped to be neutralized by compression of 
the coal outside of the plastic layer and 
by secondary contraction of the coke al- 
ready formed. 

Hock and Fritz 175 held the volume of 
coal constant and measured the change in 
pressure. The effect of bulk density, rang- 
ing from 0.700 to 0.800 gram per cubic 
centimeter on the dry-coal basis, was de- 
termined to be virtually a straight-line 
function. An increase in bulk density of 
about 3 percent caused an increase in ex- 
pansion pressure of approximately 0.0275 

its Hock, H., and Fritz, E., Gluckauf, 68, 
1005-12 (1932). 
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kilogram per square centimeter (an aver- stone coal was 300; of Parkgate, 600; of 

age of about 7 percent). R. M. Barnsley, 750; and of Busty, Brock- 

Bright and dull portions separated by well, and Two Foot Nine Seams 800 pounds 

hand from 7 Ruhr coals showed the fol- per square inch each. The coals, in the 

lowing analyses and agglutinating numbers: order listed, contained approximately 86, 

V OLATILE M EURI CE 

Matter Agglutinating 

Ash, (Pure Coal), Number, 


Coal Seam 

percent 


percent 


kilograms 


Bright 

Dull 

Bright 

Dull 

Bright 

Dull 

Dickebank 

1.7 

20.2 

17.2 

19.1 

22.1 

0.0 

Hermann 

0.5 

11.4 

18.0 

13.0 

23.5 

0.0 

Rottgersbank 

1.5 

8.0 

19.5 

17.5 

25.1 

0.0 

Dickebank 

0.6 

17.4 

21.3 

19.7 

22.7 

0.0 

Rottgersbank 

3.0 


24.3 


22.2 


Zollverein 3 

0.7 

4.6 

22.0 

45.0 

15.6 

10.4 

Floz H 

0.3 

0.8 

29.1 

37.6 

15.2 

5.0 


Expansion pressures, expansion times, and 
shrinkages were determined on the 7 bright 
portions and on 9 blends of the first 4 of 
these with additions of 5, 10, 15, or 20 
percent of the corresponding dull portions 
of the same coals. The expansion pres- 
sures of the 7 bright coals in kilograms per 
square centimeter and their agglutinating 
numbers, plotted as ordinates against their 
volatile-matter contents as abscissas, were 
found to express similar general relations. 
The expansion pressures, expansion times, 
and agglutinating numbers of the 4 bright 
coals and their 9 blends were plotted as 
ordinates against the decreasing amounts 
of bright coal as abscissas. The curves 
showed a fairly regular decrease in the 
ordinate values with decreasing amounts 
of bright coal. Fine grinding of the dull 
coal gave a greater reduction in the ex- 
pansion pressure than was shown by simi- 
larly ground bright coal. 

Davies and Mott 82 determined the 
swelling pressure of 6 English coals by a 
modified Sheffield laboratory coking test. 
The pressure, in pounds per square inch, 
required to prevent the expansion of Silk- 


85, 84, 88, 89, and 89 percent of carbon 
on the dry, ash-free basis. 

Bleibtreu and Jung 143 used the Hof- 
meister method 62 to determine the ex- 
pansion pressures of Bahnschacht and 
Tiefbau coking coals and of their 80 : 20 
blend. Bahnschacht coal showed a maxi- 
mum expansion pressure of 0.41 kilogram 
per square centimeter after 30 minutes’ 
heating and then began to shrink almost 
immediately. Final shrinkage amounted 
to 5.5 percent. This coal when coked in 
a small-chamber oven 1,000 centimeters 
long, 200 centimeters high, and 35 centi- 
meters in average width produced a coke 
of 73 to 78 drum strength. Tiefbau coal 
gave a maximum expansion pressure of 
0.30 kilogram per square centimeter after 
about 40 minutes of heating, which dropped 
only to about 0.24 kilogram per square 
centimeter after 80 minutes of heating, but 
then dropped more rapidly. A final shrink- 
age of 6.0 percent was observed. A weak, 
fissured, splintery coke was produced in 
the small-chamber oven. After 50 min- 
utes’ heating, the blend coal showed a 
maximum expansion pressure of 0.50 kilo- 
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gram per square centimeter, which then 
dropped rapidly. Final shrinkage of 5.5 
percent resulted. The coke produced from 
this coal in the small-chamber oven was 
of about the same strength as that from 
the Bahnschacht coal. 

Bunte and Imhof 136 devised an appa- 
ratus that was somewhat similar in prin- 
ciple to that of the constant-volume appa- 
ratus of Damm but was designed expressly 
to enable both the expansion pressure 
( Treibdruck ) and swelling ( Blahen ) of a 
thin layer of coal to be determined in indi- 
vidual temperature zones and was adapted 
particularly to the testing of borderline 
coals. 

The surprising result of the investigation 
was that all caking coals, whether they 
were known as suspiciously expanding or 
as harmless, gave expansion pressures 
amounting from 1.5 to 5.0 kilograms on 
the total surface, or up to a maximum of 
0.5 kilogram per square centimeter, in the 
temperature range from below 100 up to 
near 400° C. The maximum expansion 
pressure values were given around 320 to 
350° C. This pressure effect then disap- 
peared almost completely, but, at the Fox- 
well fusion temperature of the coal sample, 
a second, weaker pressure developed, 
which, after a temperature rise of about 
20° C, again disappeared -when the coal 
became fluid enough. The authors stated 
that this second rise in pressure obviously 
corresponded to that which many other 
workers have designated as expansion, 
namely, a pressure that develops as a 
result of the lack of immediate escape of 
gases suddenly generated in the fused coal, 
thus giving the effect of swelling. In some 
coals a third pressure set in, also due to 
swelling, at the temperature of resolidiflca- 
tion of the fused coal mass. In nonfusing 
coals no pressure developed below 400° C; 
only the small pressure due to the imper- 


fect escape of gases appeared above 400° C. 

The swelling curves were determined 
with the same apparatus with the piston 
unloaded and free to move. Swelling did 
not occur until near 400° C, and it became 
pronounced in the fusion range of the coal. 
In addition to expansion pressure and 
swelling, the proximate analyses, Foxwell 
softening curves, and gravimetric degasifi- 
cation curves also were determined. Tests 
w r ere made on 14 German coals grouped as 
follows: 1 noncaking, sintering coal from 
Upper Silesia; 2 Saar and 2 Ruhr nonex- 
panding caking coals; 7 expanding caking 
coals, 3 from the Wurm, and 1 each from 
the Ruhr, Upper Silesia, Ungarn, and 
Aachen districts; and 1 Saar and 1 Ruhr 
coal intermediate in properties between the 
first two groups. 

Swelling was attributed to the portion of 
the coal extractible by pyridine, chloro- 
form, or benzene. To support this hy- 
pothesis the Upper Silesian expanding cak- 
ing coal (27.8 percent volatile matter, pure- 
eoal basis) w-as subjected to a number of 
special tests. After this coal had stood for 
10 days in pyridine vapor its maximum ex- 
pansion pressure was reduced from 4.2 kilo- 
grams, or 0.42 kilogram per square centi- 
meter, to almost zero, and the swelling at 
440° C was reduced from a maximum of 
around 22 to 13.5 millimeters. 

Addition of 15 percent of coke powder to 
this same coal reduced the expansion pres- 
sure to 1.5 kilograms and the swelling to 
20 millimeters. Addition of 1 percent of 
boric acid increased the expansion pressure 
to 5.6 kilograms and the swelling to 39 mil- 
limeters. This effect was contrary to the 
observation of Lambris, 169 who found that 
strongly expanding fat coals (analyses not 
given) completely lost their property of 
expanding pressure when treated with only 
0.5 percent of boric acid. Lambris ob- 
served the same effect in tests by both the 
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Korten-Damm constant-volume and the 
Koppers A.-G. constant-pressure types of 
apparatus. The differences in results ob- 
tained by the two investigators have a pos- 
sible explanation in the difference in the 
ranks of the coals tested. Bunte and Im- 
hof used a coal that gave a pure coke yield 
of 72.8 percent, whereas the coals used by 
Lambris gave coke yields between 75 and 
80 percent. The layer of coal heated by 
Bunte and Imhof was also much thinner 
than that heated by Lambris. The coal 
tested by Bunte and Imhof was stated by 
them to be fairly fluid and gave a strong 
increase in swelling. Lambris found, also, 
that if coal was heated in the presence of 
boric acid for 1 hour at 300° C the expan- 
sion pressure was not affected as it was in 
the tests using progressive heating. 

Preheating to 390° C of the Upper Sile- 
sian expanding caking coal in nitrogen re- 
duced the expansion pressure to 3.2 kilo- 
grams but produced no effect on swelling. 
The same treatment at 460° C reduced the 
expansion pressure to 2.5 kilograms and 
almost completely destroyed the swelling. 
On heating in a stream of air for 4 hours 
at 150° C the expansion pressure was re- 
duced to 1.3 kilograms and the swelling to 
20 millimeters, whereas with the same 
treatment at 250° C the expansion pres- 
sure was reduced to 1.0 kilogram and the 
swelling to 9 millimeters. 

Shimomura 5 preferred the term “driving 
pressure” to the more common “swelling 
pressure.” The driving pressure was deter- 
mined by the Nedelmann test method 96 
on 20 British coals and blends, including 3 
from South Wales, 4 from Derbyshire, 2 
from Yorkshire, 5 from Durham, 1 from 
Staffordshire, and 5 from Nottinghamshire. 
The “driving pressures” of the 20 samples 
ranged from zero to 0.40 kilogram per 
square centimeter and did not show the 
same order as the decreasing volatile-mat- 


ter contents, from 20.5 to 37.9 percent. 
Shimomura set up criteria for a coal 
suitable for coke manufacture based on 
certain limits of the proximate, ultimate, 
and phenol extraction analyses, on data ob- 
tained by his K-B-S test methods (Type 
A, no load, and Type B, 74.5 grams per 
square centimeter load on the coal charge), 
on “driving pressures” obtained by use of 
Nedelmann’s apparatus, and on the tem- 
perature range of maximum rate of evolu- 
tion of volatile matter determined gravi- 
metrically in his own apparatus. Numeri- 
cal data on the 20 coals and blends were 
complete only for ash, volatile matter, fixed 
carbon, and driving pressures. Only the 
3 South Wales and 4 of the Durham coals 
met the requirement (20 to 30 percent, dry 
basis) for volatile matter. Of these 7 coals, 
3 of the Durham coals exceeded the maxi- 
mum driving pressure allowable, namely, 
0.1 kilogram per square centimeter. 

Mott and Spooner 161 » 165 used the con- 
stant-volume types of test methods devel- 
oped by Baum and Heuser 159 > 61 and by 
Nedelmann 96 in a comparative study of 
expansion pressures determined by seven 
different test methods. A summary of the 
results obtained will be given later. 

Larger-Scale Swelling Test Apparatus or 
Small Experimental Test Ovens. Test- 
oven methods for determining the expan- 
sion pressure of coal differ primarily from 
the smaller-scale laboratory crucible test 
methods in the size of the coal charge used. 
Charges of 4 to several hundred pounds of 
coal are carbonized under conditions ap- 
proaching more nearly those occurring in a 
commercial coke oven. Some of the test 
ovens also depart from the usual older de- 
sign; instead of a cylindrical charge, the 
test chamber is constructed to receive a 
charge shaped like a rectangular paral- 
lelepiped. Unidirectional heating is carried 
out either from the bottom or from one 
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side of the charge or, more recently, from 
both sides of the charge. 

H. Koppers 160> 161 > 176 designed a “large- 
scale swelling apparatus” in which the be- 
havior of coals at various bulk densities 
was examined. The earliest date of devel- 
opment or the date of the cited description 
was not stated. The apparatus differed 
from the earlier laboratory apparatus 158 
chiefly in size. Only pressures generated in 
the coal charge greater than 0.08 kilogram 
per square centimeter — the pressure which 
Koppers and Jenkner 59 regarded as the 
“permissible” load on a coke-oven wall — 
were measured. 

The “crucible” had a perforated bottom 
and when charged was set in a suitable gas- 
fired or electric furnace, the annular space 
between being filled with loosely packed 
coal. Heat was applied only to the bot- 
tom of the charged crucible, so that any 
expansion of the coal took place, as in a 
coke oven, in the direction of the flow of 
heat. The rate of heating was adjusted 
to complete the carbonization in 16 to 20 
hours, as in plant operation. 

If the swelling pressure exerted by the 
coal during the test exceeded 0.08 kilogram 
per square centimeter, the plunger and the 
lever were raised. After 8 to 10 hours of 
heating, any expansion above the “'zero” or 
0.08 kilogram per square centimeter datum 
line was completed. The shrinkage of the 
charge was then determined. If the coal 
charge showed a pressure greater than 0.0S 
kilogram per square centimeter, it was con- 
sidered unsafe for coke-oven use. Every 
good coking coal will develop a dangerous 
swelling pressure if the bulk density of the 
charge is increased enough. For this rea- 
son Koppers recommended that each coal 
or blend be tested at several bulk densities, 
covering the range that might be obtained 

ire Koppers, H., Publication of H. Koppers 
G.m.b.H., Essen, Germany, 1937, 12 pp. 


in charging commercial coke ovens. Test 
curves obtained at bulk densities of 750, 
800, 850, and 900 kilograms per cubic 
meter (dry basis) showed that dangerous 
swelling pressures "were developed with two 
different coals at bulk densities above 800 
kilograms per cubic meter. The in- 
formation proved useful in investigating 
coals from different mines and seams and 
in making a proper selection of such coals 
for coking alone or for blending without 
resultant harm to the coke oven. 

The usefulness of this type of test for 
determining the expansion pressures of a 
given coal charge in different positions in 
the coke oven and at various bulk densities 
caused by different heights of drop during 
charging was suggested. Coal charges con- 
sist of coal, air, and moisture. The far- 
ther the charge drops during charging, the 
smaller the spaces between the individual 
coal particles become because of the escape 
of part of the air. It follows, therefore, 
that the coal on the oven sole under the 
charging holes has a greater bulk density 
than the average of the charge. This is 
augmented by the fall of the fine coal to- 
ward the bottom of high ovens. 

To establish the bulk density of the coal 
charge at different points in a coke oven, 
Bunte and Imhof 136 have suggested that 
a separate concrete oven chamber should 
be built at the end of each coke battery, 
exactly similar in dimensions to the other 
ovens. The chamber should be arranged 
so that the coal can be charged and leveled 
just as in any of the ovens proper. The 
side wall of the chamber should be pro- 
vided with numerous suitably placed open- 
ings for the extraction of coal samples at 
various levels under and between the charg- 
ing holes, by means of which a given vol- 
ume of coal can be cut out of the charge 
and its bulk density determined. The high- 
est bulk density determined in this way 
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may be used as the basis for the expansion 
pressure tests of the coal in the swelling 
test apparatus. According to Foxwell 160 
the Beckton plant of the Gas Light & Coke 
Company in England, where Durham coals 
generally are carbonized, has such a con- 
crete test chamber. 

Altieri 177 outlined briefly the results ob- 
tained by the Massachusetts gas companies 
between 1905 and 1935 with various types 
of tests that enabled conclusions to be 
drawn upon the critical factors that should 
be considered in the design of a coal ex- 
pansion test apparatus. Out of the expe- 
rience a unidirectional heating apparatus, 
known as the Type A coal expansion tester, 
was developed. This tester was designed: 
(1) to impart a unidirectional flow of heat 
into the coking charge; (2) to produce a 
plastic zone analogous to that which occurs 
in a section of a plant oven; (3) to pro- 
duce temperature and material gradients in 
a plane perpendicular to the plane of the 
plastic zone that are more or less similar to 
those that occur from the coke-oven walls 
to a parallel perpendicular plane at the 
center of the oven; and (4) to permit ex- 
ternal movement of the piston only in a 
direction perpendicular to the plane of the 
plastic zone, thereby simulating the side 
thrust against the oven walls. 

Data obtained in the Type A tester on 
high-volatile and low-volatile coals and on 
blends of these coals indicated that the 
maximum difference between duplicate tests 
on the same sample was too great in bor- 
derline coals. Supplementary studies on 
the nature, shape, and rate of movement 
of the plastic zone of the coal charge dur- 
ing coking suggested that the design of the 
tester should be changed to prevent con- 
duction of heat by the piston rod into the 

177 Altieri, V. J., Gas Age-Record , 76, 49—54 
(1935) ; Proc. Am. Gas Assoc., 1935, 812-36 ; 
Am. Gas J., 143, No. 5, 43 (1935). 
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surrounding coal charge, thereby distort- 
ing the plastic zone. Furthermore, to re- 
duce side coking to a m i nimum and to pro- 
duce a reasonably flat plastic zone, other 
desirable changes in apparatus and test 
procedure were indicated. Out of these ex- 
periences was developed the Type B tester. 

In the B tester, expanding coals showed 
a consistent contraction for the first hour 
or two and then expansion up to a maxi- 
mum just before the end of coking. Altieri 
suggested that this initial slump may be 
due, in part, to general internal changes 
that precede the attainment of initial equi- 
librium, that is, to the sudden change in 
coefficient of internal friction of the coal 
charge that resulted from initial evolution 
of moisture and gas that diffused through 
the coal charge just before the plastic zone 
was formed; or the slump ma\' be due to 
the formation of the plastic zone itself. 
Altieri recognized the effects of thermal ex- 
pansion of the test apparatus and its influ- 
ence on the observed expansion under dif- 
ferent conditions for different coals. To 
avoid the error introduced in the usual no- 
menclature for expressing expansion, he 
proposed the term “apparent linear expan- 
sion/' which “measures pressure or expan- 
sion perpendicular to the plastic zone and 
neglects relatively small linear changes in 
a direction parallel to the plastic zone." 
This distinction is a good one because it is 
in keeping with experimentally observed 
data. The elastic characteristics of the ap- 
paratus as w T ell as the thermal expansion 
during the progress of coking must be 
known and a suitable correction must be 
made for them to get true linear expansion. 

Altieri's Type A and Type B testers have 
received favorable attention and have been 
used in a number of laboratories in the 
United States and Canada. Brown 178 re- 

178 Brown, W. T., Proc. Am. Gas Assoc., X93S 
640-79. 
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ported some unpublished data by the Ca- 
nadian Bureau of Mines on Michel (Cana- 
dian) coal determined by both the Altieri 
Type A and Type B testers. Unreliable 
check results by the Type A tester were 
explained as due to variations in loading 
the charge and to varying quantities of 
sponge coke or uncoked coal found in the 
residue after the test. 

Altieri 179 has given a brief description 
of the Type C tester which measures si- 
multaneously the change in depth and the 
change in width of a coal during its coking. 
The width of the charge could be varied up 
to about S inches by setting a cold rectan- 
gular side wall. The side wall was con- 
nected to a device that imposed a side 
thrust up to about 6 pounds per square 
inch. Provision was made also to apply 
any desired downward pressure. With the 
Type C apparatus it was possible to con- 
centrate study upon five factors: horizon- 
tal and vertical load, horizontal and verti- 
cal expansion or contraction, and compres- 
sibility of the coal charge during coking. 

Three tests were carried out in this tester 
on a high-volatile coal at vertical loads of 
1 - 3 , 1, and 2 pounds per square inch, respec- 
tively, and each kept under a horizontal 
load of about 2 pounds per square inch. 
The first test gave a horizontal contrac- 
tion of 11.7 percent and a vertical expan- 
sion of 2.9 percent. In the second test 
these values were 10.8 and 1.3 percent, re- 
spectively. The third test showed a hori- 
zontal contraction of 5.8 percent and a 
vertical contraction of 1.4 percent. Altieri 
stated that the overall volume shrinkage 
due to coking in the first test was 8.9 percent 
and in the third, 7.1 percent, “although 
one would expect that the greater vertical 

179 Altieri, V. J., Paper presented at Joint 
Comm. Conf. of Production and Chemical Comm., 
Tech. Sec., Am. Gas Assoc., May 23-25, 193 8, 
New York, N. Y., 8 pp. (mimeographed). 


load would cause a greater overall shrink- 
age. The vertical load is partly translated 
into horizontal reaction. Hence, although 
the horizontal load is about the same, the 
horizontal contraction changes from about 
12 to about 6 percent. 

Altieri found that definite coal expansion 
properties may be determined in a defi- 
nite relationship between stress and strain. 
Some of the tests in the Type B tester 
were carried out under conditions such that 
the tendency of the coal charge to expand 
was restrained by different amounts as a 
result of varying the amount of the load 
used. The stress imposed by the piston 
on the coal charge in pounds per square 
inch perpendicular to the plastic zone was 
plotted against the strain or fractional 
change in the width of the coal carbon- 
ized. The individual ordinates represented 
the stress in pounds per square inch on the 
successive charges of the coal; the ab- 
scissas showed the observed maximum lat- 
eral expansion, or strain. The maximum 
side thrust was indicated at the intersec- 
tion of the stress-strain curve and the line 
of zero strain. Expansion or strain, here, 
was not produced by the corresponding 
stress, as in testing-materials practice. 
Both stress and strain were produced by a 
third condition, namely, the coking process. 
One may assume that the coke produced 
was perfectly elastic. Then, to restore the 
original dimensions, it would be necessary 
to compress an expanded charge and to re- 
lease the pressure on a contracted charge. 
Hence, the maximum stress due to coking 
an expanding coal was found on the dia- 
gram at the point of zero strain, and the 
curve sloped downward to the right. 

When coked in .a model oven simulating 
coke-oven practice, a coal blend, a medium- 
volatile coal, and a low-volatile coal showed 
expansion pressures, or maximum stresses, 
of 0.8, 2.3, and 5.8 pounds per square inch, 
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respectively. By using the maximum posi- 
tive strain for different stresses plotted in 
the diagram, the values indicated for the 
modulus of elasticity, namely, the ratio of 
the increment of unit stress to unit defor- 
mation within the elastic limit, were maxi- 
mum values. When the modulus was very 
large it showed that the charge will exert 
a relatively greater force if it is restrained 
so that a small deformation cannot take 
place. If different expanding coals show 
about the same maximum side thrust one 
would prefer to carbonize those that show 
low values for modulus of elasticity because 
they would exert forces that change at low 
rates and therefore would cause less fa- 
tigue of the oven walls. The value of the 
modulus that is of importance in selecting 
coals for carbonization would correspond 
with the values obtained with safe coals 
and would .be a measure of the working 
stress. 

Brown 178 > 180 modified the Altieri Type 
B tester in several respects and used it for 
325 expansion tests. All were run at a flue 
temperature of 2,350° F measured directly 
under the floor of the tester; the applied 
pressure was 2.2 pounds per square inch on 
the coal charge, and the coking time was 
18 hours. Duplicate tests checked within 
0.1 to 0.2 inch per foot depth of coal 
charged. The tester appeared to be satis- 
factory for measuring the expansion of low- 
and medium-volatile coals but was unsatis- 
factory for determining the contraction of 
high-volatile coals. Some side-wall coking 
was observed, showing that the heating was 
not entirely unidirectional from the bottom 
of the test pot. The long time of coking, 
18 hours, was objectionable for test econ- 
omy. Forty-seven different coals from the 
Pocahontas district were tested. 

Twenty-five of these coals were from the 

iso Brown,. W. T., Blast Furnace and Steel 
Plant , 27, 172-4 (1939). 


Pocahontas No. 3 Seam. Their volatile- 
matter content (dry, ash-free basis) ranged 
from 16.5 to 24.5 percent. The coals in- 
cluded: 13 from McDowell County, 4 from 
Mercer County, 3 from Raleigh County, 2 
from Wyoming County, and 1 from Fay- 
ette County, W. Va.; and 2 from Tazewell 
County, Va. Expansion curves for these 25 
coals, with expansion in inches per foot of 
coal plotted against coking time in hours, 
showed a range from 0.1 inch contraction 
to 2.7 inches expansion per foot of coal. 
Similar tests were carried out on 5 Poca- 
hontas No. 4 Seam coals, all from McDow- 
ell County, W. Va.; 2 Pocahontas No. 5 
Seam coals, 1 from McDowell County, 
W. Va., and 1 from Tazewell County, Va.; 
7 Beckley Seam coals, 6 from Raleigh 
County, W. Va., and 1 from McDowell 
County, W. Va.; 5 Sewell Seam coals from 
Raleigh County, W. Va.; and 1 coal each 
from the Eagle Seam, Logan County, Dor- 
othy Seam, Kanawha County, and Fire 
Creek Seam, Fayette County, W. Va. 

Wide variations in the expansion pres- 
sure curves were found, both for different 
coals from the same seam and for coals 
from different seams but from the same 
county. Two Pocahontas No. 3 Seam coals 
from Tazewell County, Va., 1 from Mc- 
Dowell County, W. Va., and 2 Pocahontas 
No. 5 Seam coals, 1 each from these same 
two counties, showed final coke volumes 
less than their original coal volumes. The 
other 42 coals were still expanded at the 
end of the 18-hour coking time. 

The results of the expansion tests on 
these 47 different coals from the Pocahon- 
tas district were plotted by using percent 
expansion as ordinates against percent vo- 
latile matter on the dry, ash-free basis as 
abscissas. Smooth curves were obtained 
for coals of like ash contents. For coals 
of a given volatile-matter content, the ex- 
pansion pressure was larger for the coal 



264 


PLASTIC PROPERTIES OF COALS 


having the least ash. These curves were 
reported to be of great value in purchasing 
coals and making suitable blends of them 
to avoid damage in the coke ovens. 

Brown 1T8 » 180 also designed and devel- 
oped the “Bethlehem tester,” a miniature 
sole-flue coke oven, 11 inches wide by 36 
inches long. It was heated unidirectionally 
by gas. The flue temperature directly un- 
der the tester floor was held at 2,350° F. 
The pressure on the coal sample was main- 
tained at 2.25 pounds per square inch, and 
the coking time was 8 hours. 

Brown in a private communication has 
stated that he used as division limits be- 
tween anthracite and semianthracite, semi- 
anthracite and low-volatile bituminous, low- 
volatile bituminous and medium-volatile 
bituminous, and medium-volatile and high- 
volatile bituminous coals the corresponding 
percentages of 14.3, 16.5, 23.0, and 31.0 
volatile matter on the dry, ash-free basis. 

The percent expansion of 33 low-volatile 
Pocahontas coals was determined in the 
Bethlehem tester. The data obtained indi- 
cated that the expansion ranged from 2.4 
to 20.7 percent with decrease in volatile- 
matter percentage from 24.5 to 16.5. 

Thirty-one different high-volatile coals 
from the Pittsburgh Seam showed contrac- 
tions ranging from 7.8 to 27.2 percent. 
This wide range shows the importance of 
determining the contraction of all high- 
volatile coals. 

Four samples from the Upper Freeport 
Seam, ranging in volatile-matter content 
from 33.2S to 18.62 percent, ranged in ex- 
panding properties from a contraction of 
15.6 percent to an expansion of 23.7 per- 
cent. Four medium-volatile coals from 
the Lower Freeport Seam, from Indiana 
County, Pa., showed rapid expansions fol- 
lowed by marked contractions. The most- 
expanding coal contained 29.9 percent vo- 
latile matter and expanded rapidly for the 


first 4.5 hours up to 12.5 percent and then 
shrank to 8 percent expansion at the end 
of the 8-hour coking test period. The least- 
expanding coal contained 32.0 percent of 
volatile matter and expanded during the 
first 4 hours up to 5.0 percent and then 
shrank to 0.4 percent expansion at the end 
of 8 hours. The other two Lower Freeport 
Seam coals showed intermediate expansion, 
around 11.0 and 11.4 percent, and shrink- 
ages to about 6.4 percent expansion. 

Five Upper Kittanning Seam coals, all 
from Johnstown, Pa., and vicinity, showed 
a decrease in expansion with increase in 
volatile-matter content. Similar straight- 
line relationships, but with different slopes, 
were found for other low-volatile coals 
from the Pocahontas and Lower Kittan- 
ning Seams. 

The effect of geology of the coal seam 
on expansion was determined on 5 channel 
samples, a run-of-mine sample, and a 
washed sample of the last, all from the 
Upper Kittanning Seam of the Franklin 
mine, near Johnstown, Pa. Their volatile- 
matter content ranged from 19.4 to 23.4 
percent, and their expansion from 2.2 to 
19.8 percent in a somewhat linear rela- 
tionship. The increased expansion of the 
washed sample above that of the run-of- 
mine w r as attributed to its lower ash con- 
tent. Six channel samples of coal from 
different sections of a mine in the Lower 
Kittanning Seam, also near Johnstown, Pa., 
- did not show such wide variations. 

A study of expansion in relation to pro- 
gressive coalification was made on samples 
from 56 different mines in the Lower Kit- 
tanning Seam in Pennsylvania and West 
Virginia. Percentages of maximum expan- 
sion or contraction, plotted as ordinates 
against volatile-matter percentages as ab- 
scissas, showed that the coals could be di- 
vided according to rank from the shape of 
certain segments of the curve. The per- 
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centage of expansion decreased rapidly 
from a maximum of 45.8 to approximately 
zero for the low-volatile coals (16.5 to 23.0 
percent volatile matter, dry, ash-free ba- 
sis) ; then rose to 16.5 percent expansion 
and dropped again to zero for the medium- 
volatile coals (23 to 31 percent volatile 
matter, dry, ash-free basis); and finally 
fell from zero to 32.5 percent contraction 
for the high-volatile coals (over 31 per- 
cent volatile matter, dry, ash-free basis). 
Also, the relation between the hydrogen 
content of the coal and its expansion fol- 
lowed closely that shown between volatile- 
matter content and expansion. This was 
substantiated by an almost straight-line re- 
lationship between volatile-matter and hy- 
drogen content. The carbon content and 
expansion also followed the volatile-matter 
and expansion curve. No relationships 
were found between oxygen content and 
percentage of expansion, the H/O ratio and 
expansion, or oxygen and volatile matter. 

Curves showing expansion tests of low- 
volatile Pocahontas, Upper Kittanning, and 
Lower Kittanning Seam coals indicated 
that the expansion for samples of a given 
volatile-matter content increased in the 
order named. No tests were made on me- 
dium- or high-volatile coals from the Po- 
cahontas and Upper Kittanning Seams, but 
one test on medium-volatile coal from the 
Sewell Seam indicated that other medium- 
volatile coals would show expansion similar 
to those from the Lower Kittanning Seam. 

Four anthracites and semianthracites 
seemed to contract in proportion to their 
volatile-matter content. Of interest here is 
the fact that a semianthracite with 14.3 
percent volatile matter (dry, ash-free basis) 
contracted and did not coke, yet a low- 
volatile bituminous Lower Kittanning Seam 
coal with 16.5 percent volatile matter (dry, 
ash-free basis) expanded 45 percent and 
yielded a hard, dense coke. 


A series of tests on low-volatile and an- 
other on high-volatile coal were made to 
determine the effects of varying the applied 
pressure on the expansion and of no added 
load on the piston on the “free swelling” of 
the coal charge. With no added weight on 
the piston, a low-volatile expanding Lower 
Kittanning Seam coal showed a free swell- 
ing of 82.5 percent and produced a coke 
that was light and porous but of good ap- 
pearance. With increasing applied pres- 
sures, the corresponding expansions de- 
creased. Similar tests on a high- volatile, 
contracting coal from the Pittsburgh Seam 
showed a free swelling of 43.3 percent but 
produced a coke of poor quality and ap- 
pearance and of very porous and honey- 
combed structure. Under a pressure of 1.0 
pound per square inch, contraction of 
about 17.5 percent resulted; and under a 
pressure of 2.3 pounds per square inch, the 
contraction was about 26.4 percent. 

The ash content of an Upper Kittanning 
Seam coal was reduced in successive steps 
by float-and-sink. The tests indicated that 
the purer the coal the greater w ? as the re- 
sulting expansion for a coal of given vola- 
tile-matter content. 

Addition of fusain synthetically to an 
Upper Freeport Seam coal already contain- 
ing 3.9 percent of fusain to increase this to 
12.7 percent lowered the expansion from 
5.5 to about 1.2 percent and the shrinkage 
from 3 percent expansion to 1 percent con- 
traction. The original coal gave its maxi- 
mum expansion after 4 hours of coking 
time, whereas that w r ith added fusain oc- 
curred at 3 hours of coking time. 

At flue temperatures of 1,700 and 
1,900° F, 12 hours was required to coke a 
low-volatile, expanding Lower Kittanning 
Seam coal; at 2,000° F, 10 hours; and at 
2,150 and 2,350° F, only 8 hours. The rate 
of expansion was slower for the lower tem- 
peratures, and at 1,700° F the maximum 
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expansion was much less than the nearly 
equal expansion of 33 to 35 percent for all 
temperatures above 1,900° F. The results 
illustrate that a coal or coal blend may be 
expanding at fast coking time but safe 
or nonexpanding at lower temperatures or 
slower coking times. 

A series of tests on samples of the same 
coal containing 0.0, 2.5, 5.0, 7.5, and 10.0 
percent moisture indicated that, except for 
the dry coal sample, which expanded less 
than the sample containing 2.5 percent 
moisture, the percentage of expansion de- 
creased with increase in moisture content. 
The tests were not considered conclusive, 
because bulk density and possibly other 
factors entered in, and only one coal was 
tested. 

Tests on a fresh, highly expanding, air- 
cleaned slack coal from the Lower Kittan- 
ning Seam were made each month for 15 
months. The original fresh coal contained 
3.14 percent oxygen and showed an expan- 
sion of 43.0 percent: after 15 months of 
weathering it contained 5.35 percent oxy- 
gen and showed only 11.8 percent expan- 
sion. The coke from the freshly mined coal 
was hard, dense, and of good quality; that 
from the coal after 15 months of weather- 
ing was very granular and friable, was of 
very poor quality, and contained a large 
amount of fine coke. A series of tests on 
a highly expanding, low-volatile coal that 
had been in storage for 3 to 6 months and 
was badly oxidized also showed a very con- 
siderable reduction in expansion and pro- 
duced considerable loose, sandlike coke. 

Reducing the proportion of low-volatile 
Lower Kittanning Seam coal from 40 to 38 
percent in blends with high-volatile Pitts- 
burgh Seam coal rendered the second blend 
safe for coking, whereas the first blend was 
dangerous and even caused "stickers.” The 
blend containing 40 percent Lower Kittan- 
ning Seam coal showed expansion up to 3.9 


percent after 3.5 hours and shrinkage to 
about 1 percent expansion at the end of 8 
hours. The blend containing 38 percent of 
this coal at the corresponding times gave 
an expansion of only 1.3 percent and a final 
shrinkage to about 1.1 percent contraction. 

A ternary blend of 20 percent low-vola- 
tile Lower Kittanning Seam, 40 percent 
medium-volatile Lower Freeport Seam, and 
40 percent high-volatile Pittsburgh Seam 
coals showed an expansion of 5.5 percent 
at the end of 4 hours and a shrinkage to 
1.0 percent expansion at the end of 8 hours. 
When these proportions were changed, re- 
spectively, to 22, 20, and 38 percent, the 
blend was definitely contracting; 1.2 per- 
cent contraction at 0.5 to 1.75 hours after 
the start of the coking period, rising to 0.5 
percent contraction at 3 to 3.5 hours, and 
then dropping to a constant volume of 4.1 
percent contraction after 6.5 hours. . 

Constant-Volume Modification of the 
Bethlehem Tester. The Bethlehem tester 
was modified by inserting bricks exactly 4 
inches in thickness at each end of the car- 
bonizing chamber to support the piston, 
thus assuring a constant volume of charge 
no matter what the bulk density or pres- 
sure. Standard test conditions included a 
bulk density of 52 pounds per cubic foot, 
a pressure of only 1.5 pounds per square 
inch, and a moisture content in the charge 
of not over 2 percent. The constant-vol- 
ume tester should be used only for border- 
line coals or coal mixtures. 

The relationship between bulk density 
and expansion was determined. If the 
same bulk density was maintained, the size 
of coal did not seem to affect the results of 
expansion in the constant-volume tests. 

The relationship between percent expan- 
sion and pressure in pounds per square inch 
for coals of 48, 50, and 52 pounds per cubic 
foot bulk densities was determined. Curves 
for each of these bulk densities were drawn 
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from a mathematical formula based on re- 
sults at 1.5, 2.25, 2.5, and 3.0 pounds per 
square inch pressure. The three curves 
were extrapolated for pressures beyond 
these limits to cover a total range of pres- 
sure from 1 up to 5 pounds per square inch. 
The expansion dropped from above 8 per- 
cent at 1 pound per square inch pressure 
to about 0.7 percent at 5 pounds per square 
inch pressure for coals of 52 pounds per 
cubic foot bulk density, from 6 to about 0.5 
percent for coals of 50 pounds per cubic 
foot bulk density, and from 1.8 to about 
0.2 percent' for coals of 48 pounds per cubic 
foot bulk density. 

The effect of variation in temperature or 
coking time on the expansion of borderline 
coals of various bulk densities and at dif- 
ferent pressures was determined. Tests at 
flue temperature of 2,350° F and coke tem- 
perature of 1,750° F were run for 8 hours. 
At bulk densities of 50, 52, and 54 pounds 
per cubic foot and a pressure of 1.5 pounds 
per square inch, the expansions were 2.1, 
2.7, and 4.0 percent, respectively. With a 
bulk density of 50 pounds per cubic foot 
and a pressure of 2.25 pounds per square 
inch, the expansion was 2.0 percent. A sec- 
ond series of tests at 2,000° F flue tempera- 
ture and 1,600° F coke temperature was 
run for 12 hours. At bulk densities of 50, 
52, and 54 pounds per cubic foot and a 
pressure of 1.5 pounds per square inch, the 
expansions were 1.4, 2.0, and 3.3 percent, 
respectively. With a bulk density of 50 
pounds per cubic foot and a pressure of 
2.25 pounds per square inch, the expansion 
was 0.8 percent. The increased bulk den- 
sity of the charge, when tested at the same 
pressure, caused expansion to increase. At 
the same bulk density but with increased 
pressure the expansion was reduced. 

The U. S. Bureau of Mines 181 developed 

181 (a) Anvil, H. S., and Davis, J. D., Z7. 

Bur. Mines, Repts. Investigations 3403 (1938), 


a sole-heated oven based upon the design of 
the Bethlehem tester. The Bureau found 
that, for comparison of expansion or con- 
traction data obtained on different coals, it 
was highly desirable to make comparison at 
some chosen standard charge density, W 8 . 
A standard charge density of 54.3 pounds 
per cubic foot, W 54S , was chosen. It is 
inconvenient and sometimes impossible to 
adjust experimentally the test charges of 
different coals to a desired standard charge 
density. However, by selecting a unit vol- 
ume of coal, 1 cubic foot, as a basis, the 
fractional expansion or contraction E tr 
experimentally observed in a charge with 
an experimentally determined charge den- 
sity W t , may be calculated, from the 
weight of solid coal, W c , in the charge, 
to the fractional expansion, E 54>3 , at the 
standard charge density, W 5 4>3 . Thus, 


# 54.3 


w t 


(1 + E t ) - 


Wc 

TF54.3 


Wc 


TF 54.3 


W c may be computed from the true spe- 
cific gravity of the coal tested. However, 
the equation may be simplified to read 


£ 54.3 = (1 + E t )~ 1 


so that W c need not be determined. Any 
other desired standard charge density, W 8 , 
may be used for W 54Z . The validity of the 
equation for calculating the fractional ex- 
pansion or contraction observed at any 
given experimental charge density to other 
selected charge densities has been demon- 
strated by the fact that the values thus 
calculated fall on a straight line of nearly 
the same slope as the straight line repre- 

18 pp. ; Fuel, 17, 335-48 (1938). (b) Auvil, 

H. S., Davis, J. D., and McCartney, J. T., TJ . 8. 
Bur. Mines, Repts. Investigations 3451 (1939), 
21 pp. 
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senting experimentally the fractional ex- 
pansion or contraction values obtained at 
the same selected charge densities. 

Two or more tests were made on each of 
10 coals, ranging from strongly expanding 
to strongly contracting (volatile matter, 


new standard density of 55.5 pounds per 
cubic foot. The greatest deviation of any 
test from its mean was only 0.5 percent. 
This was obtained on the coal containing 
40.3 percent dry, mineral-matter-free vol- 
atile matter, although this coal did not 



dry, mineral-matter-free basis, from 17.8 to 
39.3 percent). The percent expansion or 
contraction found for the density of the 
charge used in each test was calculated to 
the standard density. The widest devia- 
tion of any test from its mean value was 
1.7 percent, which was obtained on a 
strongly expanding coal containing 10.6 
percent ash. Similar data were obtained 
on 14 coals (volatile matter, dry, mineral- 
matter-free basis, from 17.2 to 40.3 per- 
cent). These data were calculated to a 


shrink as much as some others of slightly 
higher rank. In general, the lower the 
rank of the bituminous coal the greater the 
shrinkage or contraction. Conversely, the 
higher-ranking coals show high expansion. 
Depending upon the standard charge den- 
sity taken as a basis or reference, coals with 
about 27 to 28 percent volatile matter (dry, 
mineral-matter-free basis) form the divid- 
ing point between contracting and expand- 
ing coals, according to data then available 
from the sole-heated oven. . 
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Construction of the sole-heated test oven Fig. 10, used a 200-pound charge of coal 
was changed to. prevent deflection of the in a vertical, steel retort. Results on 7 
floor when constant-volume tests of the coals 181a showed that certain coals tended 
coal charge were made. The oven incor- to give greater expansion in the slot-heated 
porating these changes is shown in Fig. 9. oven than in the sole-heated oven. This 
Tests at constant volume using a charge of was found to be due to the greater den- 
Beckley Seam coal at 50 pounds, per square sity of charge near the bottom of the slot- 



Fig. 10. Vertical-slot oven for measuring expansion. 181 


inch charge density showed that the pres- heated oven as a result of dropping the 

sure rose rapidly to 4.7 pounds per square charge from the top of the retort. By al- 

inch, a total of over 1,000 pounds for the lowing the movable wall to tilt at the cen- 

charge, which was the limit of the gage, ter, the maximum expansion of Upper Kit- 

The charge was then allowed to expand tanning Seam (washed) coal was reduced 

under a charge of 4.1 pounds per square from 26.1 to 21.7 percent. Further work 

inch. Expansion under this load at the end showed that this relation held generally for 

of the test was 1.4 percent. Tests indicated coals that developed little fluidity. High- 

that it was impractical to work with coals volatile A coals are relatively more fluid, 

of this type under constant-volume con- and apparently variations in bulk density 

ditions. from top to bottom of the charge are ad- 

The vertical-slot test oven developed by justed, regardless of whether or not the 
the U. S. Bureau of Mines, 181 illustrated in wall is allowed to tilt. 1816 




270 


PLASTIC PROPERTIES OF COALS 


Temperatures taken in the charge indi- 
cated that the plastic layer in the slot oven 
is about 10 percent thicker than that in the 
sole-heated oven. This would indicate that 
either the preheated wall or the longer path 
of the evolved gases in the slot oven af- 
fected the results. A pressure plate was 
made for the sole-heated oven similar in 
construction to that of the movable wall of 
the slot oven. This was preheated in the 
same manner as the wall of the slot oven 
during the warming and pretesting period. 
Results with the preheated plate were 
higher than those without and agreed more 
nearly with the expansions obtained with 
the slot oven. Just why this agreement 
should be found and why the use of the 
preheated plate in the sole-heated oven is 
unnecessary in tests with high-volatile coals 
to obtain checks by the two methods has 
not been established. 

In comparing results obtained with the 
sole-heated and slot ovens, the data of the 
latter tests were calculated to include any 
expansion at the top of the charge as well 
as the lateral expansion. When available, 
data from tests in wiiich the movable 
tilted wall was employed w y ere used in aver- 
ages. Such data w'ere obtained on most of 
the low^-volatile and medium-volatile coals 
tested. 

Mott and Spooner 161 » 165 have used the 
&°PP ers “large-scale swelling test appara- 
tus” 176 in a comparative study with other 
test methods. With the standard appa- 
ratus and test procedure, very plastic coals 
w*ere found to block the holes in the bot- 
tom of the retort and thus cause abnormal 
indications of their swelling and contract- 
ing properties. This trouble w r as “over- 
come by using a layer of granular firebrick 
or a piece of iron gauze or a layer of as- 
bestos paper on the sole of the retort, or 
by perforating the lower portion of the 
walls of the retort with holes." The use of 


100 percent through ^-inch size coal was 
advocated. 

Measurement of Distortion of Coke- 
Oven Walls under Pressure . Koppers 
A.-G. measured the resistance of a spe- 
cially constructed wall and of a completely 
solid w y all to knowm applied pressures. 
Koppers and Jenkner, 59 ’ 158 who described 
this w r ork, recognized that expansion pres- 
sure data obtained by laboratory methods 
could be regarded as only relative, because 
observed pressures were much higher than 
actual pressures resulting from the same 
coals when coked in a commercial coke 
oven. To measure the resistance to pres- 
sure that a coke-oven wall was capable of 
withstanding, these investigators had built 
a coke oven loaded on top to correspond to 
the weight of the brick superstructure of a 
normal coke-oven roof. The wall was con- 
structed of materials commonly used in 
coke-oven construction and was backed by 
a layer of fine coke to equalize pressure. 
Pressure was applied laterally to the side 
of the w y all by a hydraulic press. The same 
test was made on a completely solid wall. 
The results of the two tests showed that 
outward bending of the two walls was the 
same up to a total pressure of 12,000 kilo- 
grams, or 0.13 kilogram per square centi- 
meter; with increased pressure the solid 
w T all bulged less than the coke-backed wall. 
Contrary to expectations, initial cracks ap- 
peared in both walls at a pressure of 0.09 
kilogram per square centimeter. The re- 
sistance of 0.13 kilogram per square centi- 
meter of the two walls against pressure 
from the sides w 7 as higher than the 0.08 
kilogram per square centimeter pressure 
said to be enough to cause destruction of 
a coke-oven wall in practical operation. 
Koppers and Jenkner stated that due ac- 
count must be taken of the fact that the 
pressure in coke ovens during the carboni- 
zation of expanding coals alternates from 



EXPANSION-PRESSURE MEASUREMENTS IN COKE OVENS 271 


one side to the other, so that the walls are 
in constant movement. 

Variations in the order of magnitude of 
expansion pressures determined by 'labora- 
tory methods” and the actual resistance of 
a coke-oven wall proved the desirability of 
conducting measurements in the coke oven 
itself or under conditions corresponding to 
those of actual operation. 

Expansion-Pressure Measurements in 
Coke Ovens. Koppers and Jenkner 59 con- 
ducted expansion-pressure measurements 
directly in the coke-oven chamber. Earlier 
measurements of temperatures in the coke 
oven made with thermocouples encased in 
1-inch diameter seamless tubes had shown 
that these tubes were so compressed dur- 
ing the coking of expanding coal that they 
could be removed from the oven only with 
difficulty or not at all. With nonexpanding 
coals the tubes could be withdrawn with- 
out difficulty. To measure the expansion 
pressure of the coal directly in the oven, 
Koppers and Jenkner used a measuring ap- 
paratus consisting of a flat disk diaphragm 
of 30-centimeter diameter, which was con- 
nected by a water-jacketed iron tube and 
copper piping to a closed vessel. The bot- 
tom of this vessel was covered with mer- 
cury which led to a mercury pressure gage. 
The entire apparatus above the level of the 
mercury was filled with paraffin oil. The 
iron tube was 235 centimeters long and was 
surrounded by a jacketing tube of 42-milli- 
meter diameter. Extending in through the 
iron tube was a thermocouple, which meas- 
ured the temperature in the center of the 
disk diaphragm. 

The apparatus was introduced, up to the 
top end of the iron tube, through the 
charging hole of the coke oven into the 
freshly charged coal in a plane, so that the 
sides of the diaphragm paralleled the walls 
of the coke oven. To correct for the effect 
of heat on the contained paraffin oil, the 


diaphragm had been calibrated previously 
up to a temperature of 95° C. The iron 
tube between the diaphragm and the top 
of the oven was kept at a constant tem- 
perature during the test by regulating the 
flow of cooling water through the jacketing 
tube. The test could be extended only up 
to the end of the period of water evapora- 
tion in the middle of the coke-oven cham- 
ber, namely, up to about half of the car- 
bonizing time. A very strongly expanding 
coal with a carbonizing time of 28 hours 
showed pressures up to 0.11 kilogram per 
square centimeter in an oven chamber 2 
meters high. From plant experience this 
coal was known to cause heavy oven opera- 
tion and inevitably, after a short time of 
use, to cause damage to the coke oven. 
The complexity of such tests and the im- 
possibility of extending them throughout 
the whole carbonizing period led to their 
abandonment and to the construction of 
large-scale installations in which all the 
phenomena of expansion and expansion 
pressure that act on the oven walls could 
be determined for the entire period of 
coking. 

Distribution of pressure in a Becker 
coke-oven chamber was determined by 
Agroskin. 1S2 In a coal charge containing 
21 percent volatile matter and 10 to 15 
percent moisture the maximum pressure 
was always observed in the plastic layer 
and was reached after 3 hours of heating. 
Pressure was greater near the floor of the 
oven during the first half of the coking pe- 
riod but decreased during the second half. 

Ulrich 183 described an apparatus that 
could be placed directly in the coal charge 
in the coke oven to measure the swelling 
pressure of the coal charge throughout the 

182 Agroskin, A. A., Coke and Chem. (U.S. 
S.R.), 9, No. 3, 34—8 (1939). 

183 Ulrich, F., Gliickauf , 75, 128-33 (1939) ; 
‘'Investigator,” Coke and Smokeless-Fuel Age f 1, 
98-102 (1939). 
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entire coking period. Tests were made first 
in a coke oven at the test station of the 
Rhenish- W estphalian Coal Syndicate. The 
horizontal chamber oven had a width of 
300 millimeters and a capacity of 120 kilo- 
grams of coal. The measuring apparatus 
was introduced through the charging door 
above the oven and into the coal, so that 
the pressure plate was parallel to and equi- 
distant from the oven walls. 

Four coals, containing about 17.5, 23.0, 

23.5, and 26.0 percent volatile matter (dry 
basis) and about 8 percent moisture, were 
each charged at an average bulk density of 
720 kilograms per cubic meter and carbon- 
ized at a flue temperature of 1,100° C for 
12 hours. The maximum pressure values 
of the 4 coals, in the order given for in- 
creasing volatile-matter content, were 0.268, 
0.127, 0.093, and 0.078 kilogram per square 
centimeter. Three other coals containing 

19.5, 19.0, and 23.0 percent volatile matter 
(dry basis) gave 0.150, 0.145, and 0.116 
kilogram per square centimeter maximum 
expansion pressures, respectively. It will 
be observed that, as the volatile matter of 
the coals increased, the expansion pressure 
maxima obtained in the Ulrich apparatus 
decreased regularly. The same coals tested 
in a laboratory apparatus showed maximum 
expansion-pressure values that changed ir- 
regularly with the volatile content of the 
coals and were from 2.43 to 8.46 times 
larger than those found with the Ulrich 
apparatus. The greatest differences were 
observed between tests on coals containing 
the highest volatile matter. 

After the working reliability of the ap- 
paratus had been established in the small 
test oven, further measurements were made 
with different kinds of coal and under dif- 
ferent working conditions in individual coke 
plants of the Ruhr district. It was found 
expedient to introduce the measuring appa- 
ratus through the oven door at a height of 


1.50 meters above the oven sole, and with 
the measured position at equal distances 
from the oven walls and at about 1 meter 
from the door. Two tests on a coal con- 
taining 26.8 percent volatile matter, one 
sample with 8 and the other with 9 percent 
moisture, were made in an oven chamber 
500 millimeters wide, with a heating flue 
temperature of 1,100° C and coking time of 
18 hours. The average deviation in expan- 
sion-pressure values between the two tests 
for readings taken every hour was only 
d= 0.0056 kilogram per square centimeter. 
The largest average deviations were ob- 
served at 1 hour, 16 hours, and 17 hours. 
That at 1 hour amounted to 0.11 kilogram 
per square centimeter and was attributed 
to the difference of 1 percent in the mois- 
ture content of the two charges. The de- 
viation of 0.017 kilogram per square centi- 
meter at 16 hours and of 0.027 kilogram 
per square centimeter at 17 hours occurred, 
respectively, when test 1 reached its maxi- 
mum expansion value of 0.098 kilogram 
per square centimeter and when test 2 
reached its maximum expansion pressure of 
0.092 kilogram per square centimeter. 

Ulrich studied the effect of different flue 
temperatures upon the shape of the expan- 
sion curve and the magnitude of the maxi- 
mum expansion pressure. A “strongly 
swelling 5 ' coal containing 23.0 percent vola- 
tile matter when carbonized in the test oven 
at a flue temperature of 1,200° C gave a 
maximum expansion pressure of 0.34 kilo- 
gram per square centimeter after 7.5 hours 
of coking time. When carbonized at a flue 
temperature of 1,000° C the maximum ex- 
pansion pressure was 0.24 kilogram per 
square centimeter after 10.5 hours' coking 
time. Roth tests showed strong shrinking 
of the charge after these maxima were 
reached. A feebly swelling coal containing 
23.5 percent of volatile matter, when car- 
bonized in the test oven at heating flue 
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temperatures of 1,200, 1,000, and 800° C, 
gave maximum expansion pressures of 0.11, 
0.084, and 0.052 kilogram per square centi- 
meter, respectively, at corresponding cok- 
ing times of 8.5, 12 and 9 hours. The 
charges showed less pronounced shrinkages 
than those of the strongly swelling coal. 

A strongly swelling coal containing 22 
percent volatile matter was tested in a 
plant oven chamber, 450 millimeters wide, 
at heating flue temperatures of 1,050 and 
930° C. This oven was normally operated 
at the lower flue temperature to produce 
as much large coke as possible. When the 
coal was carbonized at a flue temperature 
of 1,050° C, its maximum expansion pres- 
sure was 0.156 kilogram per square centi- 
meter after 17 hours of coking time; the 
temperature at the measuring point was 
400° C. When carbonized at the flue tem- 
perature of 930° C, the maximum expan- 
sion pressure was 0.104 kilogram per square 
centimeter after 20.5 hours of coking time; 
the temperature of the measuring point 
was 310° C. 

The larger expansion pressures shown at 
the higher flue temperature in both test- 
oven and plant-oven chamber were ex- 
plained by increases in charge density 
caused by the expansion force resulting from 
the higher rate of coking which occurred 
earlier than the counter effect resulting 
from the shrinking process. 

The maximum expansion pressure regis- 
tered by Ulrich's apparatus of a coal con- 
taining 18 percent volatile matter and car- 
bonized at an average flue temperature of 
1,050° C in the 300-millimeter test oven 
was 0.28 kilogram per square centimeter 
after 10.6 hours' coking. Under similar 
conditions, in a 540-millimeter commercial 
coke oven the maximum expansion pressure 
was 0.16 kilogram per square centimeter 
after 14.5 hours' coking. Ulrich suggested 


that, because of the smaller average coking 
rate in the wider oven with uniform wall 
temperatures, a longer time was required 
for the coal charge to increase in density 
owing to the expansion, so that the shrink- 
ing process set in proportionately earlier, 
and thus the attainment of the higher maxi- 
mum expansion pressure capable of being 
established in the narrower oven was pre- 
vented. An alternative suggestion was that 
the slower rate of carbonization in the 
wider oven develops a lower plasticity ac- 
cording to the general rule that carboniz- 
ing time varies directly with the square of 
oven width. 

Several tests were carried out by Ul- 
rich on coal blends whose individual coals 
had been studied previously. In contrast 
to the results found by other investigators 
in other types of apparatus, the expansion 
pressure oj the blend itself was found to be 
the resultairb of the pressures of the indi- 
vidual coals in the blend . Ulrich gave only 
one example, a blend of 50 percent of a fine 
coal containing 17.5 percent volatile matter 
and 50 percent of a coal containing 23.0 
percent volatile matter. The blend gave a 
maximum expansion pressure of 0.164 kilo- 
gram per square centimeter after 4 hours' 
coking; the coal with 17.5 percent volatile 
matter gave 0.228 kilogram per square cen- 
timeter after 5 hours' coking; and the coal 
with 23.0 percent volatile matter gave 0.118 
kilogram per square centimeter after 6.5 
hours of coking. If this generalization is 
borne out by future tests on a large num- 
ber of blends it opens up an interesting 
problem of why this should occur in this 
type of test and not in the older, more 
widely used tests. 

The test data reported by Ulrich indicate 
that his method should have increased 
value if more points of pressure in the oven 
were measured. In discussing this method 
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Russell 184 pointed out that “The area over 
which the pressure is measured is an ex- 
tremely small portion of the area of the 
oven wall. Determinations of pressure at 
a number of positions in the oven are nec- 
essary in order to obtain a complete survey 
of the pressures throughout the oven.” Un- 
fortunately, Ulrich gave no dimensions of 
his measuring apparatus. It appears to the 
writer that in small narrow ovens, particu- 
larly, the diameter of the apparatus as w r ell 
as the volume displaced by the apparatus 
while in the oven might have a serious in- 
fluence on conditions of heat transfer. If 
it should prove practical, the space occu- 
pied by the round protection tube could be 
reduced by the use of one of elliptical cross 
section, whose major axis is placed parallel 
to the oven heating walls. 

Large-Scale Research Installations for 
Measuring Expansion Pressure: Two-Sided 
Heating. It has been recognized for a 
number of years that test methods using 
one-sided heating do not simulate the con- 
ditions in commercial coke ovens. The 
sudden increase in pressure observed near 
the end of the coking period in commercial 
ovens when the tivo plastic layers of the 
coal charge meet does not take place in 
tests using only one-sided heating. 

Important papers 5S * 16 °* 1S4 > 185 have ap- 
peared describing the results of studies 
made by the Ivoppers Company in large 
ovens using two-sided heating. Several 
laboratories also are adapting two-sided 
heating to smaller units where the cost and 
difficulties of carrying out the tests are not 
so great as to preclude routine testing of 
coals and blends. 

Koppers and Jenkner 59 measured the 

184 Russell, C. C., Trans. Am. Inst. Mining Met. 
Engrs.y 139, 3X3-27 (1940). 

185 Russell, C. C., paper presented before Joint 
Conf. of Production and Chemical Comm., Am. 
Gas Assoc., May 23-25, 1938, 4 pp. (mimeo- 
graphed). 


expansion pressure of the coal charge car- 
bonized in a specially designed carbonizing 
unit. The installation consisted of a verti- 
cal coke-oven chamber, heated from both 
sides by lateral flues and with heating walls 
that could move independently of each 
other in frames carried on rollers. The 
cover of the chamber was provided with 
an exit for the escape of distillation gases. 
A hydraulic measuring device was installed 
against the outside of one chamber wall and 
fastened to the frame of the other chamber 
wall. The device was filled with water and 
contained a main piston and an auxiliary 
piston. Pressures were read on an at- 
tached manometer. The auxiliary piston 
could be screwed tight, so that the highest 
pressure developed during the whole of the 
carbonizing time could be determined with- 
out any movement of the oven walls. If, 
however, it was desired to measure the 
movement of the walls under pressures 
above a certain value the auxiliary piston 
was then loaded with a weight that corre- 
sponded to the highest desired pressure. A 
movement of the walls then took place if 
the pressure in the hydraulic arrangement 
exceeded that corresponding to the load on 
the auxiliary piston. With chosen operat- 
ing conditions, therefore, either pressure 
occurring at any time during carbonization 
of the coal charge or the distance traversed 
by the wall under a certain pressure on 
the oven walls could be measured. The 
progress of temperatures in the coal charge, 
at the center of the oven, and on the oven 
walls w r as followed during the entire car- 
bonization period. Temperature curves 
constructed from these data showed that 
the progress of carbonization in the test 
oven corresponded to practical coke-oven 
conditions. 

The research apparatus recorded pres- 
sures generally between 0.1 and 1 atmos- 
phere, although some poorly coking coals 
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exhibited much lower pressure. Very con- 
siderable pressures were set up during the 
period when the two' plastic layers were 
coalescing, which confirmed the fact that 
the increased rate of coking here increased 
expansion pressure. The different order of 
magnitude of the results obtained with the 
large-scale research apparatus and with the 
laboratory method of Damm 3 was ex- 
plained by the difference in conditions of 
carbonization and especially by the differ- 
ence in width of the plastic layer and the 
shape of the coke in the two types of test. 
Some coals that showed temporary expan- 
sion in the laboratory test showed no ex- 
pansion in the test oven, even when a 
charge of higher bulk density was used. 
Coals that gave relatively like results by 
the two methods did not include the 
strongly shrinking coals that expand tem- 
porarily in laboratory tests. 

To settle definitely a number of questions 
relating to the expansion of coal, Koppers 
and Jenkner 59 made a series of large-scale 
tests to determine the relationship between 
expansion pressure and the following fac- 
tors: (1) different coals with uniform bulk 
density; (2) influence of bulk density; (3) 
influence of carbonizing time; and (4) the 
influence of admixtures, whereby the coal 
was made leaner or richer. For (1), a bulk 
density of 950 kilograms per cubic meter 
(dry-coal basis) was used, which corre- 
sponded to the densest parts of the coal 
charge in a 4-meter-high oven chamber 
when using a coal with 40 percent above 
2-millimeter size and with 12 to 13 percent 
moisture. Four coals were tested under 
closely comparable conditions. The coal 
that showed the highest expansion pressure, 
0.63 kilogram per square centimeter, also 
gave the highest degree of expansion in the 
Koppers A.-G. laboratory apparatus. Two 
other coals gave maximum expansion pres- 
sures of 0.43 and 0.35 kilogram per square 


centimeter near the end of coking in the 
large-scale tests but were definitely con- 
tracting throughout the laboratory tests. 
The fourth coal gave no appreciable expan- 
sion pressure in the large-scale test but 
showed a temporary expansion pressure up 
to 0.43 kilogram per square centimeter and 
an aftershrinkage of 4 percent in both the 
Koppers A.-G. and Damm laboratory tests. 
Moreover, this coal was tested at a lower 
charge density, 750 kilograms per cubic 
meter, in the laboratory tests as compared 
with the higher charge density of 950 kilo- 
grams per cubic meter in the large-scale 
test. The lack of expansion in the large- 
scale test was explained by the shrinking 
of the coke, which ’was first formed near 
the oven walls. It may be said that a coal 
showing high expansion pressure in the 
laboratory with only slight shrinking of the 
coke after carbonization will, in actual op- 
eration, cause greater and more rapid de- 
struction of chamber walls than a coal that 
gives a smaller expansion pressure in the 
laboratory but the same shrinking of the 
coke. 

The influence of bulk density on expan- 
sion pressure was determined in the large- 
scale arrangement on a coal that tests in 
the laboratory apparatus had indicated was 
harmless. With a bulk density of 800 kilo- 
grams per cubic meter of dry coal, no ex- 
pansion pressure on the oven walls was ob- 
served; with an increase to 846 kilograms 
per cubic meter a slight pressure was noted 
after the second hour, the maximum expan- 
sion pressure, which amounted to nearly 
0.1 kilogram per square centimeter, being 
reached in the fifteenth hour of carboniza- 
tion. When the coal -was carbonized with 
a bulk density of 913 kilograms per cubic 
meter, a m'aximum pressure of nearly 0.3 
kilogram per square centimeter resulted at 
the end of 15.5 hours. With a bulk density 
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of 964 kilograms per cubic meter a maxi- 
mum pressure of nearly 1.0 kilogram per 
square centimeter was obtained in the six- 
teenth hour of carbonization. It was ob- 
served that the maximum expansion pres- 
sures all occurred at about the same time, 
within 4 to 6 hours, in respect to the end 
of the whole carbonizing times, IS to 22 
hours. These maxima lasted only a short 
time and decreased in duration with in- 
creased bulk density of the coal charge. 
Longer total carbonizing times were re- 
quired with greater bulk densities. 

The influence of carbonizing time on ex- 
pansion pressure was determined in the 
27- and 18-hour tests in the large-scale in- 
stallation. Contrary to the laboratory re- 
sults of Hofmeister, 62 the amount of expan- 
sion did not increase with a reduction in 
carbonizing time, but with the longer car- 
bonizing period showed a slightly higher 
maximum expansion pressure, and 6 hours 
later. However, the bulk density of the 
coal was 971 kilograms per cubic meter in 
the 27-hour test, compared to 935 kilo- 
grams per cubic meter in the 18-hour test. 
The 27-hour test also showed greater 
shrinking near the end of the carbonizing 
period. 

The influence of different coals in a blend 
on the expansion pressure is a subject of 
great economic importance. Coals rich in 
dull coal have been found by Lehmann 
and Hoffmann 186 to be especially suitable 
agents to reduce expansion pressure. The 
use of such coals for blending purposes 
is economically desirable, therefore, if 
the blending material must other-wise be 
shipped in from outside sources. Hoppers 
and Jenkner 59 determined the influence of 
crushed, washed nut coal of high dull-coal 
content upon reduction of the expansion 

ise Lehmann. K, and Hoffmann, E., Oliiclcauf, 
67 , 1-14 (1931) ; Brennstoff-Chem.; 13, 21-9 
(1932); Fuel. , 13 , 271-8 (1934). 


pressure of a high-expanding coking coal. 
Under the same carbonizing conditions in 
their large-scale installation, the maximum 
expansion pressure of the original expand- 
ing coal was reduced from 0.65 to 0.33 and 
0.13 kilogram per square centimeter with 
20 and 30 percent additions of the washed 
nut coal, respectively. Quite often, the 
usual coking coals could be made safe for 
coking in an oven by the addition of only 10 
to 20 percent of a dull coal prepared in ac- 
cordance with modern petrographic princi- 
ples, unless the original coking coal had an 
exceptionally high expansion pressure. 

Similar tests showed that about 70 per- 
cent of a good-coking, fine, gas-rich coal 
containing 27.6 percent volatile matter had 
to be added to the original coal to reduce 
expansion pressure to the same extent as 
that caused by a 30 percent addition of nut 
coal rich in dull coal. The maximum pres- 
sure of the blend with gas-rich coal oc- 
curred at the end of the third hour of 
carbonization and continued for 4 hours, 
whereas that with the dull-coal blend oc- 
curred only about 5 hours before the end 
of carbonization and lasted only a short 
time. The same high bulk density, around 
906 kilograms per cubic meter, was used, 
and expansion pressures were first shown 
at the start of the tests with both blends. 
Pressure increased in the blend with gas- 
rich coal up to 2.5 hours, after which 
shrinking opposed the expansion pressure 
and gradually compensated it up to the end 
of the test. A blend containing 75 percent 
of the gas-rich coal showed even greater ef- 
fects. With the 30 percent addition of dull 
nut coal the expansion pressure was con- 
stant from the third to the fourteenth hour, 
then rose to a maximum of 0.13 kilogram 
per square centimeter, and was followed by 
shrinking. Petrographic analyses hy the 
method of Stach and Kiihlwein for coal 
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slacks 187 of the extremely strongly expand- 
ing coal, of the gas coal, and of the nut coal 
showed, respectively, 89.2, 77.9, and 58.0 
percent bright coal, 7.4, 17.1, and 38.4 per- 
cent dull coal, and 1.1, 2.8, and 2.5 percent 
fusain. 

Koppers and Jenkner 59 also determined 
the influence of 10 percent additions of coke 
breeze to the same extremely strongly ex- 
panding coal. The degree of expansion 
here was not reduced nearly as much as by 
the use of dull coal or gas-rich coal under 
the same carbonizing conditions. The ad- 
dition of coke breeze to extremely strongly 
expanding coals in practice, though known 
to increase the size and hardness of the 
coke from some coals, has not been as satis- 
factory as the addition of dull coal to re- 
duce expansion pressure. 

The movable-wall coke oven designed 
and erected by the Koppers Company was 
described by Russell. 184 ' 185 In the first 
group of tests made with the oven, the wall 
was allowed to move against a constant 
pressure of 2 pounds per square inch. The 
maximum linear movement of the wail pro- 
duced by a low-volatile Beckley Seam coal, 
expressed as percentage of the original oven 
width, was 8.8 percent after 7.75 hours of 
heating time. The rate of movement in- 
creased rapidly for the 15-minute interval 
immediately before this maximum and then 
dropped of slightly. The heating wall tem- 
perature at the end of the test was 971° C. 
Tests on the same coal at a bulk density of 
55.5 pounds per cubic foot and a constant 
pressure of 2 pounds per square inch in 
an Altieri Type A tester 177 showed 12.6 
percent maximum linear expansion. The 
final heating wall temperature was 934° C. 
When calculated to a bulk density of 54.0 
pounds per cubic foot, according to the 
method of Anvil and Davis, 181 the results 

187 Stach, E., and Kuhlwein, F. L., 

64, 841-5 (1928) ; Fuel, 8, 191-8 (1929) 


by the Altieri tester gave 9.6 percent linear 
expansion, or within 1 percent of the 8.8 
percent expansion at this bulk density 
found by Russell. 

When the movable-wall oven was ar- 
ranged to measure pressures developed dur- 
ing carbonization, a low-volatile, Beckley 
Seam coal heated from both walls of the 
oven showed a maximum pressure against 
the movable wall of 6 pounds per square 
inch after 6.5 hours of coking. Near the 
end of this period pressure rose rapidly to 
a maximum and then fell rapidly. The 
curve obtained was comparable, in gen- 
eral, with those described by Koppers and 
Jenkner. 59 

To prove that the sudden increase in 
pressure near the end of the coking time 
was caused by the juncture of the two plas- 
tic zones, the oven was then arranged so 
that it was heated only from one side . To 
reduce the coking time comparable to that 
used with two-wall heating, the half of the 
oven space on the stationan’-wall side was 
filled solidly with brick. To prevent the 
cold stationary wall from absorbing heat 
from the heated movable wall, the coal 
space (now half that of the normal oven) 
was packed with Sil-O-Cel brick until just 
before charging the coal. The Sil-O-Cel' 
brick were then removed, the door put 
back and luted, and the coal charged as 
soon as possible thereafter. This test ar- 
rangement allowed heating only from the 
movable-wall side and, consequently, the 
formation of only one plastic zone. The 
maximum pressure now developed was only 
4.7 pounds per square inch after about 5 
hours' coking. This maximum was ap- 
proached gradually, and the pressure then 
fell slowly. The curve had much the same 
general shape as those obtained in test 
apparatus in which the volume change is 
measured and in which the coal is heated 
from one side. 
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Tests in the Koppers movable-wall oven 
show a number of advantages over other 
methods of testing expansion pressure of 
coals now used in the United States. By 
heating from two sides, thereby causing the 
formation of two plastic zones, and meas- 
uring the actual pressures developed by the 
coal against the movable wall, the condi- 
tions of coking in a commercial coke oven 
are more closely simulated. Two-sided 
heating of low-volatile coals develops a 
pressure peak at the time of juncture of 
the two plastic zones. This pressure peak 
is as much as 40 percent higher than the 
pressure just before the beginning of this 
rapid rise, which is that representing ap- 
proximately the maximum pressure given 
by one-sided heating. Furthermore, the 
measurement of the increase in width of 
the movable-wall oven is obtained through- 
out the coking period and in the direction 
in which the coking charge, if dangerous, 
would produce undesirable pressures. The 
rate of increase in width of the oven is par- 
ticularly important in borderline coals. In 
methods of testing coals that heat only 
from one side and under a load of 2 pounds 
per square inch, expansion is measured in 
terms of linear increase in dimensions (up- 
ward movement) of the coal charge. Bor- 
derline coals tested under such conditions 
may develop pressures just under 2 pounds 
per square inch, and the final volume ob- 
tained may indicate slight shrinking. When 
the coal charge is heated only from one side 
only one plastic zone is formed, and even 
the small rapid increase in pressure near 
the end of the coking period cannot be de- 
termined. Consequently, the pressure peak 
of more than 2 pounds per square inch that 
would occur with two-sided heating when 
coal is coked in a full-scale commercial coke 
oven would not be detected by such meth- 
ods. A coal tested in the Altieri Type A 
tester indicated that this borderline coal 


would be safe to use in a commercial oven. 
In the Koppers movable-wall oven the 
same coal, after 6 hours' coking, showed 
a pressure against the wall of 2 pounds per 
square inch; this pressure rose to 4 pounds 
per square inch at 6.5 hours, and then 
dropped rapidly. It is assumed that this 
coal would behave in a similar manner or 
even produce a greater pressure peak than 
4 pounds per square inch in a full-scale 
oven because the charge here is approxi- 
mately four times higher than that in the 
movable-wall oven. 

High-volatile coals and various mixtures 
used regularly in coke-oven plants were 
tested in the movable-wall oven. None of 
the high-volatile coals produced a pressure 
of more than 1 pound per square inch. A 
few mixtures of high-volatile and low-vola- 
tile coals produced pressures as high as 1.5 
pounds per square inch. Usually, coals or 
blends with pressures under 1.5 pounds per 
square inch did not exhibit a pressure peak 
near the end of the coking period as did 
the low-volatile coals. A logical explana- 
tion of this difference in behavior seems to 
be that the maximum fluidity of the high- 
volatile coals is much higher than that of 
the low-volatile coals. The high-volatile 
coals are fluid enough to permit the escape 
of gas without the creation of high pres- 
sures, even at the juncture of the two plas- 
tic zones. Measurements of the degree of 
fluidity in the two classes of coals confirm 
this explanation. 

Carbonization of Low-Rank Coals under 
High Applied Pressure. The effect of vary- 
ing the pressure applied during the carboni- 
zation of coking coals has been discussed in 
connection with reviews of test methods 
and results obtained. It has been shown 
that pressure up to a certain value, depend- 
ing upon the particular coal, is necessary to 
produce a good coke. The influence of ap- 
plied pressure upon the carbonization 
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properties of lignites and other noncoking 
coals is well illustrated by papers by 
Gauger, Taylor, and Ulmen 188 and by 
Blayden, Noble, and Riley. 189 

Gauger, Taylor, and Ulmen 188 studied 
the influence of applied pressure on the 
carbonization of lignites. Samples of lig- 
nite, air-dried on a hot plate and ground 
to various sizes, were carbonized in an iron 
pipe under pressure applied from each end 
by means of iron plungers actuated by a 
Riehle testing machine. The charged sam- 
ple was first compressed at a preliminary 
briquetting pressure and then heated 
slowly in a controlled electric furnace under 
the desired pressure. Pressure had to be 
adjusted during the test, as the evolution of 
volatile products decreased the resistance of 
the coal to pressure. Temperatures were 
measured by means of a thermocouple 
whose hot junction was on the outside of 
the pipe, and, consequently, were higher 
than that of the lignite. Heating was con- 
tinued until the evolution of volatiles had 
almost ceased, after which the pipe and 
plungers were removed and the residue was 
cooled, removed, and examined. 

The influence of various factors was 
studied. It was found that a high initial 
briquetting pressure (20,000 pounds per 
square inch) was necessary to obtain a 
satisfactory product. A minimum coking 
pressure of 636 pounds per square inch was 
required at 600° C to produce a suitable 
coke; higher pressures improved the coke. 
With a pressure of 1,920 pounds per square 
inch, excellent cokes were obtained at tem- 
peratures as low as 530° C. Twenty-mesh 
size proved to be superior to 10-mesh size, 
and air-dried was much better than steam- 
dried lignite (Fleissner method), for pro- 

188 Gauger, A. W., Taylor, J. R., and Ulmen, 
C. W., Ind. Eng. Chem 24, 86-40 (1932). 

189 Blayden, H. E., Noble, W., and Riley, H. E.. 
J. Iron Steel Inst., 136, No. II, 47-62P (1937) ; 
Engineering , 144, 385—7 (1937). 


ducing good cokes. Blending lignite with 
3.2 percent of lignite tar gave a good coke 
at 636° C, although not perceptibly better 
than that produced from lignite alone. Lig- 
nite char blended with 6.25 percent of Po- 
cahontas coal produced a good coke under 
the usual pressure-carbonization conditions, 
whereas a 20 percent addition of this coal 
was needed to give the same results by or- 
dinary heat treatment alone. Variations in 
coking pressure, from no pressure upward 
during the test, produced cokes inferior to 
those formed under otherwise similar con- 
ditions but with constant high pressure 
maintained throughout the test. Grinding 
and recoking a sample gave an inferior 
product, indicating that the coking constit- 
uents were broken down in the pretreat- 
ments. Within certain limits, it may be 
concluded that the effects of pressure and 
temperature were complementary in induc- 
ing coking of lignites and of mixtures of 
lignite char with small amounts of a coking 
coal. 

Blayden, Noble, and Riley 189 used as 
coal container a flat-bottomed, thick- 
walled, iron vessel, 4 inches in diameter 
and 4 inches in height, which was provided 
with an iron piston having a flat head 
whose center was fixed to the end of a pis- 
ton tube. The annular clearance between 
piston head and walls of the vessel was 
about Vs 2 inch. The vessel was heated uni- 
directionally from below. One hundred 
grams of coal was placed in the iron vessel 
and carefully leveled to a layer of uniform 
thickness. Dry, oxy gen-free, nitrogen gas 
was passed in, and the rate of heating was 
adjusted as follows: room temperature to 
250° C, at 5° C per minute; 250 to 650° C, 
at 2° C per minute; 650 to 900° C, at 5° C 
per minute; thereafter the temperature 
was maintained at 900° C for 20 minutes. 
Heating was then stopped, and the con- 
tents of the furnace were allowed to cool in 
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the stream of nitrogen. The amount of 
swelling or contraction of the coal charge 
during the test was determined from the 
movement of a lever arm over a scale. 

Two Northumberland “noncoking'* 5 coals 
were carbonized under mechanical pres- 
sures ranging from 0.2 to 20.4 pounds per 
square inch. One coal, C57, had been 
stored for a long time in about %-inch size 
and was probably oxidized slightly. It was 
ground to pass 60 I.M.M. mesh size and 
carbonized. The second coal, C51S, was 
freshly mined and was carbonized in four 
size gradings: %- to %o-ineh, 20 to 40 
I.M.M., 60 to 100 I.M.M., and through 
100 I.M.M. sieves. Special precautions 
were taken to insure that the several sam- 
ples were not oxidized, either before or 
during carbonization. This coal showed 
temperature ranges of transient swelling 
when carbonized under the higher pres- 
sures, the minimum pressures at which this 
occurred being lower for the finer grain 
sizes. All samples of coals C57 and C518 
showed a primary contraction, often fairly 
rapid, between 300 and 4S0° C, which cor- 
responds approximately to the plastic 
range of coking coals. This contraction 
was followed by a relatively slow secondary 
contraction. The final contraction was 
taken as the percentage difference between 
the thickness of the coke layer produced 
at 900° C and that of the original com- 
pressed coal. The observed contractions 
(primary, secondary, and total) were not 
straight-line functions of applied coking 
pressures. 

The relative strength of the prepared 
cokes was determined by a micro strength 
apparatus devised by the Northern Coke 
Research Committee (NCRC). For coal 
C57 marked increases were found in the 
apparent specific gravities and in the 
NCRC micro strength indexes of the cokes 
produced when the applied coking pres- 


sure was increased to 10 pounds per square 
inch; further pressure increases had smaller 
effects. These were associated with corre- 
sponding decreases in total and apparent 
porosity. The micro strength of the coke 
made under a pressure of 20.4 pounds per 
square inch was comparable with that of 
an average metallurgical coke. Similar 
phenomena were shown by the several 
graded sizes of coal C518, although they 
were modified by the swelling that occurred 
during carbonization at the higher pres- 
sures. The finest size coal produced the 
strongest coke. Differences in the real 
specific gravity of the cokes produced at 
the different applied coking pressures were 
small. A general parallelism was shown 
between the above-mentioned properties 
and “wet” oxidation rates, the specific elec- 
trical conductivities, and total contractions 
measured on these cokes. The cause of the 
observed influence of applied coking pres- 
sure was discussed. 

“Plastometric Investigations 55 on 
Russian (U.S.S.R.) Coals 

Most of the published investigations by 
Russian workers on the plastic and related 
properties of U.S.S.R. coals have been in- 
terpreted upon the basis of observed rela- 
tions between the thickness of the plastic 
layer and certain other properties of these 
coals. It should be emphasized that the 
investigations are based largely upon direct 
measurement of thickness of the plastic 
layer. In the experience of the writer, such 
a measurement is exceedingly difficult to 
make with certainty. Certain essential de- 
tails of the description of the method used 
by the Russian investigators have not been 
published, so that it has not been prac- 
ticable to check their results in the U. S. 
Bureau of Mines laboratories. However, 
many of the conclusions reached by Rus- 
sian workers appear reasonable. 
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The interpretation of the experimental 
data was based upon the earlier studies of 
Stadnikoff 190 and of Davies and Wheeler. 70 
According to Stadnikoff, the formation of 
a well-fused semicoke can occur only if 
most of the coal material has passed 
through a liquid state. Sapropelite coals 
have been formed by oxidation and by 
polymerization of fatty acids derived from 
algal fatty oils and are supposed to con- 
tain mixtures of fatty acids which are 
mainly saturated and are regarded as bitu- 
mens, polymerized unsaturated acids, and 
their salts. 

The bituminous portion of this class of 
coals begins to melt at as low as 200° C, 
but the bitumens do not undergo decom- 
position up to 400° C and can dissolve the 
more refractory compounds. At 400° C 
decomposition and some decrease in solu- 
tion begin; but in the sapropelite part of 
the remaining coal depolymerization proc- 
esses arise, which lead to the formation of 
relatively fusible products. These products 
are intermediate between the easily fusible 
bitumens and the infusible components of 
the remaining coal. They bring about the 
solution of the infusible parts of the re- 
maining coal and are themselves decom- 
posed to some degree in the process. The 
coking power is determined, therefore, by 
the degree of solution of the remaining coal 
in the molten bitumens and is proportional 
to the time the flux exists before the be- 
ginning of decomposition with carboniza- 
tion. According to Davies and Wheeler, 70 
the formation of a uniform coke structure 
can occur even after the flux begins to 
decompose and up until the end of its 
hardening. 

Sapozhnikov and Bazilevich 191 stated : 

iso Stadnikoff, G. L., Khim. Tverdogo Topliva , 
2, Nos. 11-12, 13-27 (1931) ; Proc. 3rd Intern. 
Conf. Bituminous Coal, 1, 674—94 (1931). 

191 Sapozhnikov, B. M., and Bazilevich, L. P., 
Investigation of the Coking Process; Classifica- 


If we adopt Stadnikov’s point of view and 
also take into account the data of Davies 
and "Wheeler, the agglutinating power of 
coal, namely, its ability to give a fused 
semicoke of uniform structure, should be 
proportional to the time spent in the plastic 
state (at some definite rate of heating). In 
addition, the longer the coal remains plastic 
the thicker should the plastic layer become 
during coking. From this point of view, we 
can expect the caking power to be propor- 
tional to the thickness of the plastic layer. 
• • • The thickness of the plastic layer ac- 
tually is a measure of the caking power of 
coal. 

These general conclusions were reached in 
1935 after several years of experimental 
work, from which various applications of 
the data obtained in measurements of the 
thickness of the plastic layer were made to 
other data in different classification schemes 
of Russian coking coals. 

Before describing the plastometric meth- 
od used in Russia for investigating and 
classifying the U.S.S.R. coking coals and 
blends, three earlier papers by Sapozhni- 
kov will be summarized briefly. Sapozh- 
nikov 167 determined caking ability, swell- 
ing and shrinkage properties, and volatile- 
matter content of a number of U.S.S.R. 
coals. These were found to be additive 
properties, and hence it was possible tp 
predict the kind and proportions of the 
different coals tested that had to be mixed 
to produce a good grade of coke. This 
paper 167 was not available to the writer, 
but the apparatus used for determining the 
swelling and shrinkage properties of the 
coals apparently embodied provision for 
measuring the thickness of the plastic 
layer. Sapozhnikov 192 concluded that the 
difficulties experienced in the operation of 

tion of Coals and Calculation of Coking Mixtures 
on the Basis of the Plastometric Method , State 
Scientific Publishing House of Ukraine, Kharkov, 
1935, pp. 5-33. 

192 Sapozhnikov, L. M., Domes , 1931, No. 9, 
72-5; Chem. Abs., 2G, 3362 (1932). 
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the coke oven and in the removal of the 
coke were due to irregular coordination be- 
tween the time of swelling and the time of 
setting of the coke mass and also to the 
rough surface of the coke, which prevented 
its easy removal from the oven. He 193 
found that mixtures of 3 of 4 coals from 
the Donets Basin, which contained up to 
30 percent of the lean (sintering) coal 
“PS,” gave satisfactory operation in fast- 
working coke ovens. The caking-capacitv 
number of the coal mixtures was kept 
within the range of 17 to 20, and the elimi- 
nation of gases was avoided as much as 
possible after the setting of the plastic 
mass. Such mixtures had no distinctly 
pronounced expansion pressures. 

Plastometric test methods used so widely 
in Russia today for measuring various spe- 
cial properties of coking coals were based 
originally upon either the constant-pres- 
sure type of test for measuring swelling or 
the constant-volume type of test for deter- 
mining the swelling pressure of coal. Suit- 
able provisions have been introduced in 
I the apparatus and test procedure to permit 
the determination of selected special prop- 
erties of the coal charge during its carboni- 
zation process. 

The familiar plastometric investigation 
was developed by Sapozhnikov and Bazile- 
vich. 154 ’ 155 * 167) 16S> 194 The constant-pres- 
sure (Koppers A.-G.) type of apparatus 
was modified to - permit simultaneous meas- 
urements of the thickness of the plastic 
layer and of the linear, vertical expansion 
and the aftershrinkage, which was termed 
“final drop” or “final settling” of the coal 
charge during its carbonization. With but 
minor changes, the plastometric investiga- 
tion has been used extensively since 1930 

193 Sapo&hnikov, L. M., Khim. Tverdogo To - 
pliva, 2, No. 10, 68-77 (1931). 

194 Stadnikoff, G., Analysis and Testing of 
Coal , State Publishing House, Moscow, 1936, pp. 
9S-106. 


by Russian workers. The following de- 
scription of the apparatus and test pro- 
cedure was based upon the literature ref- 
erences just cited. 

The cylindrical retort had an inside di- 
ameter of 60 millimeters and was provided 
with a replaceable perforated bottom. The 
piston head of 58-millimeter diameter con- 
tained several vertically drilled holes. The 
smaller holes permitted escape of gases and 
vapors. One large hole received an iron 
tube sheathing a thermocouple, and a sec- 
ond admitted a paper tube surrounding the 
calibrated plastometer needle used to meas- 
ure the thickness of the plastic layer. The 
piston rod was connected at the top to 
the usual weighted lever arrangement. 
The free end of the longer lever arm car- 
ried a pen that recorded, on a revolving 
drum, the linear expansion and contraction 
of the coal charge during its carbonization. 

Before the test was started, the retort 
was carefully cleaned, its walls were lined 
with filter paper, and its bottom was cov- 
ered with an asbestos disk. The iron and 
paper tubes were placed vertically in 
proper positions relative to the holes pro- 
vided for them through the piston head. 
The retort was then charged with 100 
grams of air-dried, minus 1.5-millimeter 
coal. The charge was leveled off and 
lightly tamped to a height of 50 to 45 
millimeters and, apparently, to a void space 
of 40 percent. The coal charge was cov- 
ered with an asbestos disk provided with 
two holes concentric with the two holes in 
the superimposed piston head to receive 
the iron and paper tubes. The top of the 
piston rod was then attached to the lever, 
and the loading weight on the longer arm 
was adjusted so as to apply a pressure of 
1 kilogram per square centimeter on the 
top surface of the coal charge. The ther- 
mocouple and plastometer needle were in- 
serted in their respective tubes, and the as- 
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sembled retort and its contents were placed 
in an oven heated electrically from the 
bottom by means of a Silite rod. 

Starting at 240 to 250° C, the tempera- 
ture rose at a rate of 3° C per minute. 
Because of the paper insulation on the 
inside walls of the retort and the poor 
conductivity of the coal, heating took place 
unidirectionally from the bottom of the 
charge. Thus, complete reproduction of 
the coking process in an industrial coke 
oven was claimed. In 4 hours the tem- 
perature of the bottom layer of the charge 
reached 700 to 800° C and that of the top 
layer 500 to 600° C. 

The plastometer needle was graduated in 
millimeters so that it read zero when its 
tip rested on the bottom of the retort; 
when the needle was raised vertically the 
graduations showed the distance of the tip 
from the bottom. Before the coal began 
to soften, the lower end of the paper sur- 
rounding the plastometer needle became 
charred, thereby allowing the plastic coal 
to flow into the space around the needle 
point, tending to force it upward. By 
carefully raising the needle it could be 
determined whether its tip was sticking to 
the bottom of the retort, which meant that 
the coal here had become plastic. The 
corresponding reading of the thermocouple 
indicated the softening temperature of the 
coal. With increase in temperature and 
further penetration of heat into the coal 
charge the thickness of the plastic layer 
increased to a maximum and then de- 
creased somewhat. 

The plastic coal by flowing into the space 
around the point of the plastometer needle 
came into contact with cold air entering 
the paper tube, and (possibly owing to 
oxidation) the top surface of the plastic 
layer became coated with a thin, dense 
film. This film or crust was said to be 
strong enough to support the weight of the 


plastometer needle and also an additional 
pressure of light tapping. When the tip of 
the needle rested on this crust, its distance 
from the bottom of the retort defined the 
upper surface or top level of the plastic 
layer. Light pressure applied vertically to 
the upper end of the plastometer needle 
caused the tip of the needle to pierce the 
film and penetrate easily through the plas- 
tic layer of the coal charge until the tip 
came to rest on the top surface of the 
semicoke below. The plastometer needle, 
even under heavy pressure, would not pene- 
trate the semicoke, whose top level, there- 
fore, was defined as the lower surface or 
bottom level of the plastic layer. The 
vertical distance between the measured 
upper and lower surfaces of the plastic 
layer gave its thickness in millimeters and 
was determined periodically during the 
test. The values obtained were plotted 
later on the millimeter chart paper re- 
moved from the drum, which already 
showed the automatically recorded linear 
(vertical) changes of the coal charge dur- 
ing the test period. 

The completed chart, therefore, included 
three curves: (a) the volume or expansion- 
pressure curve indicating the linear expan- 
sion and aftershrinkage (“final drop7 or 
“'final settling”) of the charge; (6) the 
curve showing the course of the measured 
heights of the upper surface of the plastic 
layer from the bottom of the retort; and 
(c) the curve similarly defining the lower 
surface of the plastic layer. All three 
curves were plotted to the same abscissa 
scale to represent corresponding times and 
temperature points, the temperature being 
measured at the bottom of the retort. The 
ordinates for curve a gave the linear 
expansion and contraction of the coal 
charge in millimeters with reference to the 
zero or null line; those for curves b and c 
indicated, respectively, the distances in 
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millimeters of the corresponding upper and 
lower surfaces of the plastic layer from the 
bottom of the charge or base of the retort. 
In the numerous applications of such meas- 
urements, the final drop of the expansion- 
pressure curve (aftershrinkage or final set- 
tling of the semicoke), index x, was plotted 
as the abscissa (reading from right to left), 
and the maximum thickness of tha plastic 
layer, index y, as the ordinate, in the vari- 
ous classification diagrams of U.S.S.R. coals. 

Bazilevich 195 later changed the plastom- 
eter needle of the original apparatus 168 
into a combined, thin plastometer needle 
and thermocouple. The temperature of 
softening at the top level of the plastic 
layer and the temperature of solidification 
at the bottom level of the plastic layer 
could then be determined simultaneously 
with the corresponding height of these two 
surfaces measured from the bottom of the 
retort. It was claimed that the rate of 
coking did not affect appreciably the tem- 
perature limits of the plastic layer. 

Poputnikov 196 modified the test appa- 
ratus of Sapozhnikov and Bazilevich 168 by 
using a refractory container for the coal 
charge and a special device for heating. 
A constant temperature was then main- 
tained. Analytical data and details of the 
method were given. A critical study of 
this and eight other Soviet methods of de- 
termining the coking properties of coal was 
made by Shevchenko, 197 who concluded 
that the test method of Poputnikov 196 
was the most reliable. 

Moisik 198 increased the thickness of the 
plastic layer of coal, thereby slightly en- 

195 Bazilevich, h. P., Coke and Chem. ( U.S . 

5. R.), 3, No. 1, 30-41 (1933). 

196 Poputnikov, F. A., Khim. Tverdogo Topliva , 
7, 497-502 (1936) ; Chem. Alts., 31, 2778 (1937). 

197 Shevchenko, E. P., Zavadskaya Lab., 7, 
610-12 (1938) ; Chem. Abs 32, 9442 (1938). 

19S Moisik, M. R., Coke and Chem . (U.S.S.R.), 

6, No. 9, 24-7 (1936) ; Chem. Abs., 31, 7224 
(1937). 


hancing its coking properties, by subjection 
of the coal to high-frequency discharge 
(A = 2 millimeters) . 

Apparently, the constant-volume type of 
apparatus used by Russian workers for de- 
termining the expansion pressure of coal 
was designed originally by Sapozhnikov 
and Bakun. 199 Their papers were not 
available to the writer. Incomplete de- 
scriptions of the apparatus and test pro- 
cedure have been given by Sapozhnikov 
and Cherkasskaya 200 and by Sapozhni- 
kov. 155 According to the two last refer- 
ences, the retort had a solid bottom, was 
of “standard” dimensions (apparently, 
those of the constant-pressure retort), and 
was hermetically sealed on the top by 
means of a lid. A 100-gram charge of 0- 
to 1.5-millimeter size coal was heated at 
a rate of 3° C per minute up to 700° C. 
The expansion pressure of the coal was 
transmitted through a piston passing 
through the lid to a hydraulic reservoir 
and was measured by an attached spiral 
manometer gage. 

CLASSIFICATION OF U.S.S.R. COALS 

Sapozhnikov 201 used the measured maxi- 
mum thickness of the plastic layer of coal 
as one coordinate in various classification 
diagrams of U.S.S.R. coals. Usually, for 
suitable classifications of different types of 
bituminous coals, the second coordinate 
had to be supplemented by other factors 
that characterized the plastic state of these 
coals. For example, rich gas and coking 
coals whose thicknesses of plastic layers 
were comparable but whose contents of 

199 Sapozhnikov, L. M., and Bakun, N. A., 
Coke and Chem . (U.S.S.R.), 2, No. 9, 63, No. 11, 
73-8 (1932). 

200 Sapozhnikov, L. M., and Cherkasskaya, E. 
I., Khim. Tverdogo Topliva, 6, No. 2, 100-6 
(1935).* 

201 See pp. 34-54 of ref. 191 ; see also refs. 
154 and 155. 
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volatile matter differed widely fell into dif- 
ferent areas of the classification diagram, 
when these two properties were plotted 
against each other. However, if the yields 
of volatile matter were supplemented by 
certain other factors that defined the rate 
of release of volatile matter during the 
plastic state, and if the resultant effects on 
the expansion and contraction of the coal 
charge were considered, a more rational 
differentiation of the properties of different 
types of coal was obtained. 

A number of the special properties of 
the plastic layer have been investigated for 
many different types of coal by Sapozhni- 
kov and his coworkers and by other Rus- 
sian investigators. The data obtained have 
been plotted as supplementary information 
on various individual “plastometric dia- 
grams.” These individual diagrams all 
employ the same coordinates, namely, 
maximum thickness of plastic layer in mil- 
limeters as ordinates plotted against final 
drop of the expansion pressure curve 
(“final settling” or after shrinkage of the 
semicoke) in millimeters, increasing from 
right to left, as abscissas. 

For convenience in discussing the data 
obtained in the more important published 
investigations of the special properties of 
U.S.S.R. coals these individual diagrams 
have been reproduced here in a composite 
diagram, Fig. 11. The coordinates of Fig. 
11 are in the units generally used in the 
various charts constructed from data of 
individual Russian investigations. The 
curves, lines, shaded area, and points in the 
body of the diagram have been lettered or 
numbered for convenience in discussion. A 
general explanation will be given first of 
the meaning of the numbered small circles, 
of the lettered curves and lines, and of the 
shaded area shown in the body of the com- 
posite diagram. With these as guides, the 
general application and wide usefulness of 


the composite diagram representing vari- 
ous proposed schemes of classification of 
U.S.S.R. coals based upon their experi- 
mentally determined special properties will 
be presented. 

Expansion Pressures. The numbers be- 
side the small circles in Fig. 11 designate 
the measured maximum expansion pres- 
sures in kilograms per square centimeter 
of representative U.S.S.R. coals having the 
coordinates indicated. The expansion pres- 
sures increase in the direction from the 
lower left corner to the upper right corner 
of the classification diagram. Coals below 
the dashed-line curve hi, inclined to the 
right, do not show expansion pressures 
during carbonization. Coals in the central 
part of the diagram between curves kl and 
gh show expansion pressures between 0.15 
and 0.3 kilogram per square centimeter. 
Coals on the right-hand side and above the 
curve gh show expansion pressures of 0.3 
to 2.0 and more kilograms per square centi- 
meter, and their cokes give only small lat- 
eral shrinkage. The approximately paral- 
lel curves divide the coals of like expansion 
pressures into separate areas. The heavy 
curve gh is designated as the limit for coals 
“dangerous due to swelling pressure.” 
Coals above and to the right of this line, 
when coked alone, may seriously damage 
the coke oven; they almost invariably lead 
to “hard pushing” and, in high-speed ovens, 
even to “mass boring” into the oven walls. 
Curve ij is the limit inside which it is rec- 
ommended that blends for high-speed ovens 
(with a coking period of 16 to 18 hours) 
be kept, and even near this curve symp- 
toms of hard pushing may appear. 

Coke Properties. Curve kl is approxi- 
mately the boundary limit between coals 
or blends that give dusty, easily broken 
cokes (below) and those that produce well- 
fused cokes (above). These properties, of 
course, do not change sharply at this 
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“boundary limit for dusty cokes/' and the 
change is only gradual as one approaches 
or moves away from this curve. The re- 
sistance to degradation of cokes, defined as 
the remainder in the Sundgren drum test, 


large, little-fissured cokes (below). Within 
the strip itself fall coals of both properties 
that may be differentiated among them- 
selves by the aid of supplementary infor- 
mation. 



Fig. 11. Classification diagram for U.S.S.R. coals. 1 


is around 280 kilograms below curve Id, 
increases to 320 kilograms along the “line 
of best coking mixtures/' qr, and reaches 
340 to 350 kilograms above the curve gh. 
A properly composed blend must lie pref- 
erably above the line qr. 

The convex upward strip between the 
dotted curves ef and cd is the “fissured 
coke strip." It separates coals that, when 
coked alone, give brittle, small, fissured 
cokes (above) from coals producing strong, 


The triangular area of the diagram de- 
fined by the intersections of curves Id, cd, 
and ij contains those coals that, when coked 
alone, give strong, normally fused coke 
without danger of hard pushing or boring. 
This area, therefore, is the coking region 
of the classification diagram and contains 
coking coals and properly proportioned 
coking blends. The straight fine qr, which 
occupies a central position in the coking 
region, is the line of best coking mixtures. 



287 


APPLICATIONS OF THE COMPOSITE DIAGRAM 


It should be observed that in direct plas- 
tometric tests of blends containing different 
kinds of coals the screen analysis of the 
charged sample has an important effect on 
the shrinkage of the coke. The shrinkage 
decreases with increase in size of grain of 
the samples. Blends with a shrinkage of 
18 millimeters or less are to be avoided, 
because a small change in the proportions 
of coals in the blend or a fluctuation in 
the coking characteristics of such a blend 
may easily move it to the hard pushing 
limit. 

That part of the coking -region to the 
right of curve ef assures a large, strong 
coke, whereas those coals within the fis- 
sured strip are not always able, when 
coked alone, to give a coke sufficiently 
large and free of fissures. The tendency 
of such a coal to give a small, fissured coke 
can be detected from the zigzag expansion- 
pressure curve with a large rise and fall 
that accompanies a strongly fissured cok- 
ing layer. Coals of this kind lie to the left 
and both above and below the triangular 
coking region. 

The position of the 178 samples 201 of 
Donets and Kuznetz coals and blends 
studied by the plastometric investigation 
up to 1935 lay below the arc-shaped de- 
marcation line ab. 

Oxidation. The effect of increasing the 
degree of oxidation of a coal is to move it 
toward the lower left corner of the classi- 
fication diagram. In other words, the 
thickness of the plastic layer decreases and 
the final drop of the expansion-pressure 
curve increases as the coal undergoes oxi- 
dation. 

Division of Gas Yields. Coals lying 
above the shaded strip in Fig. 11 give off 
a much greater volume of primary de- 
composition products (one coal gave 85.5 
percent of the total) from the hot than 
from the cold side of the plastic layer. 


All these coals give a hump-shaped swell- 
ing-pressure curve, the rise being greater 
the further the coal is above this shaded 
strip. 

The coals within the shaded strip give 
off nearly equal volumes of gas from the 
hot and the cold sides of the plastic layer, 
although the gas comes off in spurts and 
periodically from one side and then from 
the other. These coals are characterized 
by zigzag swelling-pressure curves. 

The coals lying below the shaded strip 
give off a greater volume of primary de- 
composition products from the cold side 
than do the preceding two types of coal. 
One coal gave 62 percent from the cold 
side. The swelling pressure curves of these 
coals are straight and differ primarily in 
the magnitude of the continuous drop. 

Fluidity. The coals below the straight 
line op form a very viscous layer and do 
not extrude at all from the side opening in 
a retort. Passing this line upward, the 
coals at once show fluidity, which increases 
rapidly with increase in distance from this 
line. The coals in the left part of the 
diagram above this line flow more rapidly 
than those in the right part of the diagram. 

Gas Permeability. Below curve mn are 
the coals having a plastic layer through 
which gases pass under a pressure of less 
than 1 atmosphere. Above this curve the 
resistance to gas permeability increases at 
once and reaches a pressure of 50 or more 
atmospheres. 

APPLICATIONS OF THE COMPOSITE DIAGRAM 

The wide usefulness of the composite 
diagram as a convenient scheme of classi- 
fication of Russian coking coals according 
to their determined properties is well illus- 
trated by data obtained in investigations, 
which are summarized below. 

General. Using experimental data ex- 
pressed in the same coordinates as those 
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of the composite diagram, Sapozhni- 
kov 154 * 155 * 202 found that coals of the U.S. 
S.R. could be arranged in, fair order to 
show a number of regularities in distribu- 
tion of properties for given areas of the 
classification diagram. The temperatures 
of solidification of the various coals all lay 
within close limits around 475° C. The 
higher the coal was on the classification 
diagram, that is, the greater the thickness 
of the plastic layer, the lower was its soft- 
ening temperature. Consequently, coals 
with the longer plastic temperature ranges 
fell in the upper portion of the classifica- 
tion, or composite, diagram. Coals with 
thin plastic layers (0 tc 17 millimeters) 
and high shrinkages of their cokes (14 to 
45 millimeters) had zero expansion pres- 
sures; coals with average (17 to 20 milli- 
meters) plastic layers and average (15 to 
25 millimeters) shrinkages of their cokes 
had expansion pressures of about 0.15 to 
0.3 kilogram per square centimeter; and 
coals with thick plastic layers (25 milli- 
meters or more) and low shrinkages of 
their cokes (less than 14 millimeters) had 
expansion pressures above 0.3 kilogram per 
square centimeter. 

Sapozhnikov 154 > 155 > 202 observed that 
coals in the right-hand part of the classifica- 
tion diagram (abscissas less than 15 milli- 
meters) formed a highly cross-fractured 
coke, if carbonized alone. Coals toward the 
left part of the diagram (abscissas greater 
than 22 millimeters) produced a lenticular 
coke with a high degree of longitudinal frac- 
ture. Coals in the central part of the dia- 
gram formed coke of normal shape and low 
fracture; the extent of fracture increased 
with increase in thickness of the plastic 
layer. 

202 Sapozhnikov, L. M., Trans. Mendeleev 
Congr. Theor. Applied Chem. } 6 th Congr 1932, 
2, Pt. II, 375-9 (1935). 

203 Sapozhnikov, L. 51 ., Dnepropetrovsk Coal- 
Research Institute , Bull. 1 , 34-54 (1935). 


Properties of Cool Blends. Sapozhnikov 
and Bazilevich 154 > 204 used coordinates- 
representing individual coals in the classi- 
fication diagram to calculate the properties 
of coal blends. The ordinates (maximum 
thickness of the plastic layer, in milli- 
meters) and the abscissas (final drop of 
the expansion-pressure curve, in milli- 
meters) for each constituent coal were read 
from the diagram. With these values and 
the percentages of the individual coals used 
in the blend, the location of the coordinates 
on the diagram for the blend could be 
calculated. This calculation was possible 
because of the following properties of the 
classification diagram. 

The thickness of the plastic layer, Y , of 
a mixture of coals is an additive property 
that can be calculated for any number of 
component coals, A , B, C, etc., according 
to the equation 


Ya, b, c, • - • n = 

\Ya-%A + Y b .%B+Y c -%C 1 
1 +iiy+jV%jV; ) m 
%A + %B + %C---+%W W 

The equation may be simplified by sub- 
stituting corresponding proportions for the 
respective percentages of the different coals 
in the blend. 

The abscissa of a binary mixture changes 
according to a chain line with the convexity 
directed toward the left of the classification 
diagram. The length of this chain (or 
“coking curve”) between coordinates on 
the diagram representing two coals can be 
calculated according to the “corrected 
equation” 154 

S AB = V(X - xf + (7 - y)» 


‘zSLilvL 

X -j- 0.2# 


(2) 


204 Sapozhnikov, L. M., and Bazilevich,. L. P., 
Coke and Chem . (U.8.8.B.), 4, Nos. 5-6, 13-21 
(1934) ; see also pp, 55-68 of ref. 191. 
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where X and x represent the greater and 
smaller abscissas, and Y and y the greater 
and smaller ordinates, respectively. 

Sapozhnikov 154 did not state how the 
shape of the chain line was established. It 
could, of course, have been determined by 
drawing a smooth curve through experi- 
mentally determined coordinates for a suf- 
ficient number of differently proportioned 
blends of the two component coals A and 
B. Or, perhaps, if equation 2 has general 
application, substitution of the known 
values of the coordinates for coals A and 
B into equation 2 and solving will give a 
definite length for the chain line. It should 
then be possible to establish mathemati- 
cally the shape of the chain line which trial 
calculations have shown is neither a cate- 
nary nor a cycloid. 

Sapozhnikov 154 gave three examples to 
show the applications of equations 1 and 2 
in the calculation of the coordinates of 
blends containing 2, 3, and 4 component 
coals. Given 4 coals, A, B, C, and D, with 
ordinates of 10, 20, 20, and 40 millimeters, 
respectively, and corresponding abscissas 
of 10, 15, 23, and 10 millimeters. Suppose 
a binary blend of 30 to 20 parts (or 60 to 
40 percent) of A and B , a ternary blend 
of 30 to 20 to 20 parts of A, B, and C, 
respectively, and a four-component blend 
of 30 to 20 to 20 to 30 parts of A, B , C, 
and D, respectively, are to be made. 

For Binary Blends of A and B. The 
length of the chain line or “coking curve,” 
AB, is found by substituting in and solving 
equation 2, 

Sab = V (15 - 10) 2 + (20 — 10) 2 

3.5(20 - 10) 
+ 15 + 0.2(10) 

= V 5 2 + 10 2 + • : 11.2 + 2.1 


On this coking curve (chain line, AB) will 
be located mixtures of component coals A 
and B in all possible proportions. For any 
given ratio of A to B the ordinate of the 
binary blend is calculated by substituting 
appropriate Y values (ordinates) and pro- 
portions of coals A and B into and solving 
equation 1. Thus, in a binary blend of 
coals A and B in the proportion 30 to 20 
(60 to 40 percent), respectively, the value 
of the ordinate is 

y _ 10 X 30 + 20 X 20 
A,B 30 + 20 

300 + 400 , , 

= — = 14 mm 

oO 

The point of intersection [mj of the ordi- 
nate 14 millimeters with the coking curve 
AB corresponds to an abscissa value of 1.5 
millimeters. 

For the Ternary Blend of A , B, and C. 
The value of the ordinate is 


= 10 X 30 + 20 X 20 + 20 X 20 
A ' B,c 30 + 20 + 20 

= 15.7 mm 

Since the proportions of coals A and B to 
each other here remain the same as in the 
binary blend the equation may be simpli- 
fied to read 


14(30 + 20) + 20 X 20 
a, b,c - .30 + 20 + 20 

= 15.7 mm 

The point of intersection [m 2 ] of the ordi- 
nate with the coking curve corresponds 
to an abscissa value of 20 millimeters. 

For the Four-Component Blend of A , B ; 
C, and D. The value of the ordinate is 


Y A, B, C, D = 


10X30+20X20+20X20+40X30 

304-204-20-1-30 


= 23 mm 


= 13.3 mm or, alternatively', 
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A, B, C, D 

15.7(30 + 20 + 20) + 40 X 30 
30 + 20 + 20 + 30 

Sapozhnikov gave the value of the ordi- 
nate here as 20 millimeters, which corre- 
sponded to an abscissa value of 21 milli- 
meters. [Note: Both the calculation and 
the drawn curve given by Sapozhnikov 
appear to be in error.] 

Sapozhnikov, Finkelstein, and Cherkas- 
skaya 205 obtained data w r ith the plasto- 
metric apparatus 154 > 1GS * 194 on the 70 : 30, 
50 : 50, and 30 : 70 blends of four pairs of 
U.S.S.R. coals. The plotted data 155 
showed: (a) that coals with thin (0 to 12 
millimeters) plastic layers and large (14 to 
45 millimeters) aftershrinkages of their 
semicokes had zero expansion pressures 
(lower left part of diagram) ; (5) that coals 
with average (12 to 20 millimeters) plastic 
layers and average (15 to 25 millimeters) 
aftershrinkages of their semicokes gave ex- 
pansion pressures of about 0.15 to 0.3 kilo- 
gram per square centimeter (center of dia- 
gram); and (c) that coals with higher 
expansion pressures arranged themselves 
along curves parallel to the upper bound- 
ary of the coking region of the diagram 
(center of diagram upward and to the 
right). 

The (a) group of coals were not fluid, 
and their thin plastic layers offered no re- 
sistance to gas passage. The small amount 
of liquid developed inside the grains of coal 
was fused out on their surfaces in very 
thin films, which struck the grains together 
and limited their mobility. However, there 
was not enough liquid to hold back the 
gases, and the plastic layer remained per- 
meable to them. The ( b ) group of coals 

205 Sapozhnikov, L. M., Finkelstein, P. K., and 
Cherkasskaya, E. I., Khim. Tverdogo Topliva , 6, 
No. 4, 324-31 (1935). See also ref. 155. 


developed considerable fluidity in the plas- 
tic mass, which remained permeable to 
gases until enough liquid was produced to 
fill all spaces between the particles. Fur- 
ther increases of 5 to 8 millimeters in thick- 
ness of the plastic layer increased the re- 
sistance to gas passage. 

The (c) group of coals included two 
types. Those with thin plastic layers and 
small .aftershrinkage, in the lower right 
corner of the diagram, developed a high 
expansion pressure, namely, 0.5 to 0.6 kilo- 
gram per square centimeter. The grains 
of these coals were only slightly adhesive 
and had so little mobility that they did not 
stick together in a continuous film under 
the action of high pressure pressing them 
together from the inside; spaces remained 
between the grains, which permitted gases 
liberated on the hot side to pass without 
appreciable resistance through the plastic 
layer. The second type of coal, with 
thicker plastic layers and a wider range of 
shrinkage, contained grains which became 
increasingly soft and mobile. The soft- 
ened grains were swollen by the gas that 
accumulated inside and so were pressed 
into each other more and more closely, the 
free spaces between becoming smaller and 
smaller. As the plastic layer became 
thicker, the soft grains finally formed a 
continuous viscous film impermeable to 
gases. The plastic layer became fluid only 
after its thickness had increased 5 to 6 
millimeters above that required for gas 
permeability. The fluidity of the plastic 
layer increased slowly as the thickness of 
the layer increased. Coals of the (c) 
group were coked by the softened grains 
growing together along their contact 
surfaces, while neighboring grains were 
pressed into one another by gaseous de- 
composition products that accumulated in- 
side the grains. 
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EFFECT OF HEATING HATE 
Sapozhnikov 155 * 206 found that only the When blends were made of two coals, 


“fat” petrographically homogeneous coals, 
in the right part of the classification dia- 
gram, when carbonized, give a “homogene- 
ous structureless mass.” All other kinds of 
coal retained the outlines of the initial 
grains of coal after passing through the 
plastic period. Therefore, carbonizing 
blends consisting of coking coals, low-vola- 
tile coals, and gas coals are coked not by 
mutual solution of the various components 
but by the grains growing out and sticking 
together at their contact surfaces. At the 
same time, the processes that go on within 
the separate grains depend but very little 
on the presence of neighboring grains of 
other components of the blend. 

The interrelation between grains of the 
various components of coal blends was 
studied 206 by determining the plastic in- 
tervals (temperature difference between 
softening and solidification temperatures) 
for the blended coals and plotting these 
values against the percentage composition 
of the blends. Blends of two coals in the 
proportions of 25 : 75, 50 : 50, and 70 : 30 
were studied for three pairs of coals. 

The first pair of coals, in the right part 
of the classification diagram — one with a 
contraction of 1 millimeter and a plastic 
layer thickness of 34 millimeters and the 
other with a contraction of 4 millimeters 
and a plastic layer thickness of 9 milli- 
meters (therefore, of higher softening tem- 
perature) — when blended, showed plastic 
intervals that changed according to a 
straight-line law. The solidification tem- 
peratures of these blends rose as the pro- 
portion of the second coal increased, con- 
firming the ' assumptions made about the 
softening and growing together of the 
grains of the coals in the right part of the 
classification diagram. 

206 Sapozhnikov, L. M., CoTce and Ghent. (U.8. 
B.R.), 8, No. 10, 10-7 (1938). 


one in the right and one in the left part 
of the classification diagram, the curves 
showing the plastic interval plotted against 
the percentage composition of the blends 
were entirely different. A series of blends 
consisting of one coal with a contraction of 
2 millimeters and a plastic layer thickness 
of 32 millimeters and a second coal with 
a contraction of 25 millimeters and a 
plastic layer thickness of 12 millimeters 
showed reductions in the plastic interval 
with increasing proportions of the second 
(higher-softening) coal, but the changes 
were not additive. The curve showed two 
distinct bends: one where the first coal 
predominated, and the other where the sec- 
ond coal predominated in the mixture. 
Each of the coals passed separately into 
the plastic state. 

Blends of a third pair of coals — one in 
the right part of the diagram with a con- 
traction of 6 millimeters and a plastic layer 
thickness of 17 millimeters, the second in 
the left part of the diagram with a con- 
traction of 34 millimeters and a plastic 
layer thickness of 24 millimeters — also 
gave a curve with two distinct bends. In 
this pair the second coal had the lower 
softening point, and the plastic interval 
increased as the proportion of this coal in 
the blends was increased. It may be con- 
cluded that coals from the right and left 
parts of .the diagram, when blended, be- 
have like a mixture of heterogeneous sub- 
stances whose grains do not grow together 
to form a homogeneous mass of coke. 

Effect of Heating Rate. Sapozhnikov 
and Pashkevich 207 studied the effect of 
heating rates of 3, 5, and 10° C per minute 
on aftershrinkage of the semicoke. The 
method was the usual plastometric investi- 

207 Sapozhnikov, L. M., and Pashkevich, A. Z., 
Khim. Tverdogo Topliva 6, No. 3, 202-6 (1935). 
See also ref. 154. 
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gation. With increased heating rates, coals 
with shrinkage indexes of less than 20 
showed a marked decrease in shrinkage, 
whereas those with indexes over 20 in- 
creased slightly. Coals in the former group 
(in the right part of the plastometric dia- 
gram) under the normal heating rate of 
3° C per minute yielded coke with sharply 
developed cross fissures, whereas those of 
the left part of the diagram formed coke 
with fissures in the longitudinal direction 
and a prismatic structure. When the cok- 
ing process was accelerated by heating, the 
effect on a blend was to move it to the 
right in the diagram, thereby causing in- 
creases in expansion pressure and cross 
fractures of the coke. To avoid difficult 
pushing of the coke from the oven, the 
proportions of the two coals had to be 
then adjusted to give a shrinkage larger 
than 20 to 25 millimeters. Cross fracture 
was reduced also by increasing the pro- 
portion of the coal in the left part of the 
diagram to produce greater shrinkage of 
the blend. Coke from finely ground mix- 
tures (90 percent through 3 millimeters) 
could be pushed from the oven, even if the 
shrinkage was small; that from coarsely 
ground mixtures, although composed of the 
same coals, had to show a shrinkage be- 
tween 21 and 24 millimeters in the plas- 
tometric test before the coke could be 
pushed from the coke oven. 

Pashkevich 203 found that the fissuring 
of coke could be reduced appreciably by a 
rational heating program, even when cok- 
ing was carried out very rapidly. For 
rapid coking, the rate of heating should be 
reduced at the start and increased toward 
the end of the coking process. 

The method of Sapozhnikov and Pash- 
kevich 207 was later modified by Kushnare- 

208 Pashkevich, A. Z., Coke and Chem. (U.S. 
S.R.), 6, No. 8, 37-43 (1936). 


vich 209 to insure heating at a higher tem- 
perature. The coal charge was insulated 
on top with five 1-millimeter-thick layers 
of asbestos; the outside of the retort was 
covered with asbestos paper, and its inside 
walls were lined to a greater height (55 
mil lim eters, as compared with 50 to 45 
millimeters). Heating was carried up to 
1,100° C, after which the lever arrange- 
ment was attached and the test continued 
until the expansion-pressure curve became 
horizontal 

Properties of Oxidized Coals. Kuche- 
renko 210 found that Donets coal, after oxi- 
dization in the laboratory at 140° C with 
oxygen or under natural conditions in piles 
in air gave similar results. The Meurice 
agglutinating numbers .were (a) for un- 
oxidized coal, 19; (6) after 1.5 hours in 
oxygen, 18; (c) after 3 hours in oxygen, 
18; {d) after 10 hours in oxygen, 17; (e) 
after 2 months in air, 19; and (/) after 4 
months and 10 days in air, IS. The thick- 
nesses of the plastic layers were (a) 27, 
(b) 20, (c) 14, ( d ) 10, ( e ) 19, and (/) 
11 millimeters; the pressures of swelling at 
constant volume of coal were (a) 0.9, (6) 
0.45, (c) 0.03, (d) 0, (e) 0.42, and (/) 0.05 
kilogram per square centimeter; and the 
depressions of the swelling pressure curves 
were (a) 8, ( b ) 18, (c) 28, (d) 34, (e) 18, 
and (/) 35 millimeters, respectively. 

Sapozhnikov and coworkers 211 also em- 
ployed the “plastometric investigation” to 
determine change in coking properties of 
coals caused by oxidation. The coordi- 
nates of the fresh coals investigated fall in 
the upper right part of Fig. 11, that is, 

209 Kushnarevich, N. R., Coke and Chem. (U.S. 
S.R.), 7, No. 7, 61-6 (1937). 

210 Kucherenko, N. A., iUd. 3 3, No. 12, 63-5 
(1933). 

2 11 Sapozhnikov, L. M., and Kucherenko, N. A., 
Coke and Chem. ( U.8.S.R. ), 4, No. 8, 50-3 
(1934). See also ref. 354 sand pp. 69—89 of 
ref. 191. 
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above curve gh. With increasing oxida- 
tion, the coordinates moved in a straight 
line through the center and to the lower 
left part of the diagram. Oxidation for 2 
to 3 months in open air was enough to 
bring about the complete change. The 
authors stated that the southern U.S.S.R. 
coke plants use oxidized, rich gas coals for 
blending purposes, instead of the deficient 
coals in the lower left part of the classi- 
fication diagram. The equations devel- 
oped by Sapozhnikov and Bazilevich, 154 * 204 
were used to establish the coordinates of 
blends made of oxidized and other coals. 

Coal Beds. Sapozhnikov and Eidel- 
man 212 used the plastometric investigation 
in a study of the changes of properties of 
coal with the extension of the coal bed. 
Coals from four typical beds in the prin- 
cipal Donets industrial districts were in- 
vestigated. The gas coals from these beds 
gave coordinates lying in the left part (ab- 
scissas 30 millimeters and more, ordinates 
up to 20 millimeters) of the classification 
diagram. With rich coals the abscissas de- 
creased to about 10 millimeters and the 
ordinates increased up to a certain maxi- 
mum, 25 millimeters or more, depending 
on the coal bed. With coking and lean 
coals the abscissas continued to decrease 
and the ordinates dropped rapidly. Such 
data were used as a guide for locating new 
shafts to mine coals of certain coking prop- 
erties. 

Petrographic Composition. Correlation 
of the petrographic composition of coals 
from the Don Basin with their plasto- 
metric coordinates has been made by Kova- 
lev and Eidel’man 154 . and of coals from 
the Kuznetz coal field by ErgoFskaya and 
by Strcmgin and Taits. 213 The dull coals 

212 Sapozhnikov, B. M., and Eidel’man, A. E., 
KMm. Tverdogo Topliva , 5, 590-5 (1934). See 
also ref. 154. 

213 Strongin, A. S., and Taits, E. M., Coke and 
Chem . (U.S.S.R.), 4, No. 12, 16-24 (1934). Er- 


were located toward the left part of the 
classification diagram, the bright coals to- 
ward the right part, and the semibright 
coals (clarains) between. 

PodbeFskii and Mosina 214 found that 
Ossinovo Seam coal (Kuznetz Basin) 
showed very high coking powar and high 
swelling pressure. On account of its high 
vitrain content (average 88.2 percent), 
some samples gave no shrinkage on car- 
bonization, and others rarely exceeded 6 
millimeters. 

Volumetric Gas Yield on Cold Side 
of Charge. Sapozhnikov and Cherkas- 
skaya 215 established a general relationship 
between the thickness of the plastic layer 
and the percentage by volume yield of 
volatile products evolved toward the colder 
side of the heated coal charge. The vol- 
umes of volatile products evolved on both 
the cold and hot sides of the charge were 
determined, although the latter w T as found 
to have but little relation to the thickness 
of the plastic layer. 

The apparatus used originally 215 w*as 
that designed by Bakun. 216 Test condi- 
tions were similar to those in the usual 
plastometric investigation. Readings v r ere 
made of (a) temperature, ( b ) volume of 
gas liberated from the cold side, ( c ) vol- 
ume of gas liberated from the hot side, and 
(d) swelling pressure every 5 minutes to 
700° C and thereafter at this maintained 
temperature until successive gas-volume 
readings did not differ by more than 40 to 
60 cubic centimeters. The volumes of 
gases (5) and (c), in liters, w r ere plotted 
as ordinates against temperatures (a), or 

gol’skaya, Z. V., KMm. Tverdogo Topliva , 8, 97- 
108 (1937). 

214 Podbel’skii, G. N., and Mosina, T. E., KMm. 
Tverdogo Topliva, 8, 666—76 (1937). 

215 Sapozhnikov, L. M., and Cherkasskaya, E. 
I., ibid., 6, 28-33 (1935). See also refs. 154 and 
155. 

216 Bakun, N. A., Coke and Chem. ( U.S.S.R. ), 
4, Nos. 5-6, 112-7 (1934). 
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times, as abscissas. The experimental 
points were joined by smooth curves. In 
the example given the yield of gas on the 
hot side was only slightly larger than that 
on the cold side up to 590° C; thereafter, 
that on the hot side increased rapidly for 
about 75 minutes. For this particular coal 
the total yield of gas from the cold side 
was 1.7 liters, or 19.54 percent of the total 
yield from both sides. Apparently, thick- 
ness of the plastic layer was measured 
separately in the apparatus used in the 
usual plastometric investigation, inasmuch 
as no provision seems to have been made 
for taking these measurements in the spe- 
cial apparatus described for determining 
volumetric gas yields from the hot and 
cold sides of the coal charge. 

In general, for the 28 coals studied, those 
with the same thickness of plastic layer 
gave nearly the same percentage yield of 
gas on the cold side, independent of the 
extent of aftershrinkage of their semicokes. 
Thus, 2 coals with almost the same thick- 
ness of plastic layer, 12 and 13 millimeters, 
gave gas yields of 29 and 28 percent by vol- 
ume, respectively; their “settlings,” how- 
ever, differed greatly — 10 and 27 millime- 
ters, respectively. Seven coals with plastic 
layer thicknesses ranging from 18 to 23 
millimeters showed gas yields between 14.3 
and 17 percent, and settlings between 8 and 
25 millimeters. Four coals with plastic 
layer thickness ranging from 30 to 34 milli- 
meters gave gas yields between 8.2 and 10.5 
percent, and settlings from 2 to 11 milli- 
meters. Data for the other 15 coals were 
not plotted, but a study of the tabulated 
data shows the same general trends al- 
though more irregularities than in the 13 
coals selected for plotting. 

One may make the general conclusion 
that, as the plastic layer increases in thick- 
ness, the percentage by volume yield of gas 
on the cold side decreases. This relation- 


ship is independent of the aftershrinkage 
of the semicoke. A plot showing thick- 
nesses of the plastic layer, in millimeters, 
as abscissas versus percentage by volume 
of gas yield on the cold side as ordinates 
gave a fairly smooth logarithmic type of 
curve for the 28 U.S.S.R. coals tested. 
For the 10-millimeter difference in plastic 
layer between 30 and 20 millimeters the gas 
yield increased 6.5 percent (from 10 to 16.5 
percent), but for the same difference be- 
tween 20 and 10 millimeters the yield in- 
creased 16 percent (from 16.5 to 32.5 per- 
cent). When the thickness of the plastic 
layer was 5 millimeters, the gas yield rose 
29.5 percent (from 32.5 to 62 percent). 
For coals with plastic layer thicknesses of 
5, 10, 15, 20, 25, 30, and 35 millimeters 154 
the corresponding gas volume yields on the 
cold side were 70, 35, 22, 16, 12, 10, and 9 
percent. Thus, as the thickness of the plas- 
tic layer increased, the volume yield of gas 
on the cold side decreased rapidly. 

Bakun, 216 in the earlier study, showed 
that as the degree of oxidation of a coal 
was increased the quantity of gas given off 
on the cold side increased, and that on the 
hot decreased correspondingly. This meant 
that, on oxidation, the plastic mass became 
less homogeneous and, consequently, more 
permeable to the passage of gas. 

Pashkevich 217 found that coals produc- 
ing a considerable plastic layer and small 
contraction during coking showed a de- 
crease in rate of gas evolution during the 
plastic range and a corresponding increase 
during the period following the plastic 
range as the rate of heating was increased; 
the maximum of the gas-evolution curve 
was displaced toward the higher tempera- 
ture. With coals giving a thin plastic layer 
and high contraction there was no displace- 
ment of the maximum of the gas-evolution 

217 Pashkevich, A. Z„ Gohe and Chem. (U.V 
S.R . ), 6, No. 9, 27—32 (1936). 
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curve with increase in rate of heating. The 
rate of gas evolution increased regularly 
during both the above-named stages of 
coking as the rate of heating was increased. 

Fluidity of the Plastic Layer. Sapozhni- 
kov and Finkelstein 15S » 154 > 155 determined 
the rate of flow and temperature of the 
plastic layer of coal during its extrusion 
through a 5-millimeter orifice. The size of 
the coal charge, the rate of heating, and the 
external pressure applied to the coal charge 
were the same as in the plastometric inves- 
tigation, but the retort of the apparatus 
was provided with two side-wall openings. 
The orifice for the extrusion of the coal was 
a round hole, 5 millimeters in diameter, 
drilled through the side wall of the retort 
at a distance of 10 millimeters above* the 
upper surface of the retort bottom. This 
hole was kept tightly closed by an adjust- 
able iron plug until the plastic coal had 
reached this level during the test. Dia- 
metrically opposite to this orifice and on 
the same level was a second hole, through 
which was inserted a thin, tightly fitting 
thermocouple to measure the temperature 
of the plastic mass of coal during its ex- 
trusion through the orifice. 

Sapozhnikov 155 stated: “The coal is 
heated at 3° C per minute. * * * At the 
start, the experiment is exactly the same 
as the usual plastometric test until the 
solidified coke layer reaches S millimeters 
in thickness 112 minutes from the begin- 
ning of the experiment. Then the plug 
which closes the hole is taken out and the 
plastic mass is allowed to flow out the 
hole.” It would appear that Sapozhnikov 
must have meant that this thickness of 
coke layer and time applied only to his il- 
lustrative example of the test, because 
these definite values would not necessarily 
be the same for other coals. Furthermore, 
his “beginning of the experiment” in his 
illustrative plot of the results indicated a 
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temperature of 270° C, and “112 minutes 
from the beginning of the experiment” in- 
dicated a temperature of about 595° C, 
which would seem too high for coal to re- 
main plastic. The abscissas of the diagram 
indicated that the time interval from 10 to 
130 minutes corresponded to the tempera- 
ture range from 290 to 635° C. This would 
mean an average heating rate of 2.875° C 
per minute. However, the plotted data 
showed that the 10-minute scale divisions 
of time corresponded to temperature inter- 
vals varying from 25 to 40° C, and heating 
rates from 2.5 to 4.0° C per minute. Sa- 
pozhnikov 155 further described the obser- 
vations made in the test: 

The gases which have accumulated in the 
plastic layer escape first through the hole; 
this is accompanied by an abrupt drop of 
the lever. Then at 112 minutes the plastic 
mass appears, being squeezed out of the 
hole in the form of a rod of the same diame- 
ter as the hole from which it flows. This 
plastic rod swells under the inner pressure 
of the decomposition gases and quickly ex- 
pands to 8 or 10 millimeters for coals of lower 
plasticity, and up to 35 or 40 millimeters for 
highly plastic coals. This rod is received in 
a grooved spout and towards the end of the 
experiment it attains a considerable length. 
After an abrupt drop the volume curve be- 
comes rectilinear; the thickness of the plas- 
tic layer decreases quickly, and the coke 
layer stops growing. The slope of this 
straight line gives the velocity of outflow. 
The fluidity is represented by the tangent of 
the angle a. To simplify calculations, in- 
stead of the tangent we took as index of 
fluidity the vertical component BC in milli- 
meters with a constant time base AC corre- 
sponding to 5 minutes. 

[This angle a is formed by the straight-line 
portion of the volume curve and a base line 
drawn parallel to its “zero” or datum line. 
The constant time base AC, read from Sa- 
pozhnikov's chart, appears to correspond 
to 10 minutes. If 10 is correct then the 
vertical component BC is twice that when 
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the constant time base is 5. The relative 
indexes of fluidity for different coals would 
remain in the same order in either case.] 
Sapozhnikov found that, if the outlet was 
opened several times during the experi- 
ment, no material flowed out when the up- 
per or middle part of the plastic layer was 
opposite the orifice; only the very lowest 
part was able to flow out. After the test, 
the coke column, therefore, had a horizon- 
tal upper surface without any signs of slope 
toward the orifice in the wall of the retort. 

Test results on 20 U.S.S.R. coals w’ere 
plotted in a plastometric diagram. The 
abscissas represented the final drops of the 
expansion-pressure curve in millimeters and 
the ordinates the maximum thicknesses of 
the plastic layer in millimeters. Each 
plotted point representing a coal on the 
diagram was marked further by a numeral 
defining its fluidity index value, or, for non- 
fluid coals, by an X. 

The 20 coals divided themselves into 
four general groups. The S nonfluid coals 
formed very viscous plastic layers between 
5 and 21 millimeters in thickness and 
showed final drops in their expansion-pres- 
sure curves between 7 and 45 millimeters. 
A straight line inclined to the left across 
the classification diagram (such as line op 
in Fig. 11) separated 7 of these nonfluid 
coals into the lower part of the diagram. 
The upper right part of the diagram above 
the inclined line included 5 coals with “flu- 
idity index” values between 2 and 14, 
thicknesses of plastic layer between 20 and 
34 millimeters, and final drops in their ex- 
pansion-pressure curves between 0 and 10 
millimeters. Five coals in the middle of 
the diagram, above the inclined line had 
fluidity indexes between 13 and 17, thick- 
nesses of plastic layer between 19 and 30 
millimeters, and final drops in their expan- 
sion-pressure curves between 17 and 21 
millimeters. The fluidity indexes increased 


markedly with increase in thickness of the 
plastic layer. Two coals in the upper left 
part of the diagram showed fluidity indexes 
of 20 and 22 with corresponding thicknesses 
of plastic layer of 16 and 23 millimeters, 
and final drops in their expansion-pressure 
curves of 31 and 34 millimeters, respec- 
tively. In general, therefore, for a series of 
coals that develop fluidity it may be con- 
cluded (1) that the fluidity increases with 
increase in thickness of the plastic layer, 
and (2) that the coals in the upper left 
part of the diagram become more fluid 
than those in the upper right part. 

The effect of increasing the rate of heat- 
ing from 5 to 7° C per minute was to in- 
crease fluidity-index values. 

The influence of the degree of pulveriza- 
tion of the coal charge on its fluidity index 
was studied. 155 Under like conditions of 
coking, a given coal should produce the 
same total quantity of liquid from large or 
small particles, but when this liquid is fused 
out on their surfaces the smaller particles, 
because of their greater total surface area, 
will be coated with a thinner film of liquid. 
Coals that are quite fluid when coarsely 
pulverized, therefore, should have less or 
no fluidity when ground finely enough. 

To test this hypothesis, Sapozhnikov 
plotted the fluidity index against the de- 
gree of pulverization of a coal. This coal 
(from the left part of classification dia- 
gram) had a plastic layer thickness of 18 
millimeters and a final drop in the expan- 
sion-pressure curve of 29 millimeters. The 
original fluidity index of about 14 was re- 
tained as the size of coal particles was re- 
duced from 2 to 0.9 millimeter, and then 
dropped gradually to zero for particles of 
0.05 millimeter. Similar tests on a coal 
(from the right part of the classification 
diagram) with a plastic layer thickness of 
32 millimeters and a final drop in the ex- 
pansion-pressure curve of 10 millimeters 
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showed an increase in fluidity index from 
15 to 17. Sapozhnikov 155 stated that 
“grains of coals of this kind soften uni- 
formly, and the smaller the diameter of the 
grains the more quickly the limit to which 
they may be softened is reached.” The 
middle part of the diagram represents coals 
with intermediate properties. 

To summarize, then, in going from left 
to right across the classification diagram, 
the liquid fused out onto the surface be- 
comes more and more viscous, and the re- 
mainder of the coal-grain mass becomes 
softer and softer until, in the right part of 
the diagram, the difference between coal 
grains disappears entirely. 

Gas Permeability of the Plastic Layer. 
Sapozhnikov and Cherkasskaya 154 » 155 » 200 
determined the gas permeability of the 
plastic layer of coal from measurements of 
the pressure that had to be applied to per- 
mit penetration of gases through the plastic 
layer from the hot to the cold side of the 
heated charge. Under the test conditions a 
coal, depending on its type, developed no 
pressure at all or a pressure under 1 atmos- 
phere or else it developed at once a pres- 
sure of 50 atmospheres or more. The di- 
vision between the two types was marked 
by curve mn in Fig. 11; coals lying below 
this curve showed pressures of less than 1 
atmosphere; those lying above, 50 atmos- 
pheres or more. There were almost no 
transitional coals having gas-pressure per- 
meability values intermediate between these 
two. It was observed for the 44 Donets 
coals tested that coals of the first type had 
thin plastic layers (13 to 16 millimeters) 
and final drops in their expansion-pressure 
curves up to 30 millimeters, whereas coals 
of the second type had thicker plastic lay- 
ers and final drops generally not greater 
than 22 millimeters. 

Mechanism of Coking. Sapozhnikov 155 
drew certain conclusions regarding the 
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mechanism of coking of U.S.S.H. coals 
from data obtained by the plastometrie in- 
vestigation and its modifications for the 
study of special properties of the plastic 
layer of coal. These conclusions may be 
summarized conveniently from the com- 
posite diagram, Fig. 11. 

Coals in the low T er right part of the dia- 
gram (below curve mn) developed a high 
expansion pressure, of the order of 0.5 to 
0.6 kilogram per square centimeter. They 
did not, however, offer any appreciable re- 
sistance to the passage of gas. The expan- 
sion pressure w r as due to gases accumulated 
inside the coal grains themselves, which had 
so little mobility and were so slightly ad- 
hesive that they did not stick together in a 
continuous film under high pressure (0.5 
kilogram per square centimeter) acting 
from inside the individual grains. Gases 
liberated on the hot side of the plastic 
layer could pass unhindered between the 
coal grains. 

For coals above curve mn a sharp drop 
occurred in the gas permeability of the 
plastic layer. The increased mobility of 
the plastic grain mass caused the formation 
of a gas-proof plastic layer, wdiicli, however, 
remained quite viscous. For coals between 
curves mn and line op the thickness of the 
plastic layer continued to increase, but the 
coals did not become fluid until their coor- 
dinates lay above line op. The fluidity of 
the plastic layer of the coals in the upper 
right part of the diagram increased slowly 
as the thickness of the layer itself increased. 
This thickness finally reached a high value, 
around 35 millimeters. Coals in this part 
of the diagram (thickness of plastic layer, 
above 20 millimeters; and coke shrinkage, 
0 to 10 millimeters) were coked by the sof- 
tened grains growing together in the plastic 
period along their contact surfaces, while 
neighboring grains were pressed into one 
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another by gaseous decomposition products 
that accumulated inside them. 

The coals in the lower left part of the 
diagram behaved entirely differently; they 
did not give an expansion pressure, they 
were not fluid, and their plastic layers did 
not offer any resistance to the passage of 
gases. The grains of these coals, therefore, 
could not hold the gases liberated inside 
them. As the plastic layer increased, no 
expansion pressure was developed, and the 
plastic layer remained permeable to gases 
until it reached 10 to 15 millimeters in 
thickness. Fluidity then suddenly appeared 
in the plastic mass and attained a high 
value, but the plastic layer increased for 
another 5 to 6 millimeters before it became 
impermeable to the passage of gases. Sa- 
pozhnikov 155 stated that it was assumed 
that 

the liquid bituminous constituent of the 
grains of these coals is fused out on to the 
surface of the grains. While the plastic 
layer is small [thin], and there is little 
liquid, the system is not fluid and gases pass 
through it unhindered. The insufficient 
quantity of liquid is distributed on the sur- 
faces of the grains in the form of very thin 
films, which stick the grains together and 
limit their mobility. As the quanta of 
liquid increases, the films become thicker 
and there finally comes a time when it is 
possible for the solid particles to slide over 
one another and the system immediately al- 
most reaches its limit of fluidity, the subse- 
quent fluidity increase being small. How- 
ever, it does not become gas proof until the 
liquid fills up all the spaces between the 
particles; liquid is then present in consider- 
ably greater quantity than is necessary for 
fluidity to appear. This kind of coal is ap- 
parently coked mainly by the coal particles 
being cemented by the decomposition prod- 
ucts of the liquid phase. 

Experience in the U. S. Bureau of Mines 
laboratories with plastometric investigation 
for measuring the thickness of the plastic 
layer of coal has been disappointing. One 


difficulty arises from the lack of a more 
suitable criterion than the “feel” method to 
assure oneself that the tip of the measuring 
needle is actually at the desired height of 
measurement, especially when determining 
the top level of the plastic layer. Another 
difficulty is the long time lag before the 
thermocouple attains a steady reading at a 
given height in the charge. These obstacles 
may actually have been overcome by the 
Russian investigators. The difficulties in 
transliteration of the characters of the Rus- 
sian alphabet and in the translation of the 
published papers into more widely read 
languages have handicapped workers out- 
side of the U.S.S.R. in evaluating Russian 
scientific work. Nevertheless, the plasto- 
metric investigation appears basically sound, 
and the wide application of this method in 
conjunction with modifications of its gen- 
eral principle for measuring special prop- 
erties of the plastic layer to provide supple- 
mentary information would indicate future 
usefulness in the classification and evalua- 
tion of U.S.S.R. coals. 

The writer is deeply indebted to H. G. 
Landau, member of the staff of the 
Coal Research Laboratory at the Carnegie 
Institute of Technology, for translations of 
several and for invaluable aid in interpre- 
tations of a number of other Russian pub- 
lications that have been reviewed. 

Plasticity and Swelling of Coal during 
Combustion 

W 7 ithin recent years there has been a 
growing interest in measurements of the 
plastic and swelling properties of coals as 
they develop under different conditions of 
combustion. Satisfactory methods for ob- 
taining quantitative measurements directly 
have not yet been devised. Most of the 
methods so far developed stipulate the use 
of finely ground coal, a definite rate of 
heating out of contact with air, and appa- 
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ratus of limited size. These conditions are 
precisely the opposite of those desired for 
the most favorable combustion of coal on 
industrial grates. 

Sherman and Kaiser 218 have made dia- 
grammatic sections (a) of actual fuel beds 
of different bituminous coals based upon di- 
rect observations during the course of burn- 
ing tests in a small underfeed stoker, and 
( b ) of the carefully disassambled beds left 
after these tests. For a relatively free- 
burning bituminous coal the plastic zone 
was shown to begin at about the level of 
the lower row of tuyeres in the stoker and 
to increase in thickness toward the center 
of the retort. The plastic zone near the 
tuyeres was thin because of oxidation by 
air. It was thicker in the center because of 
less penetration of air and the longer time 
for development of plasticity and cementa- 
tion of particles. With a more strongly 
caking coal the plastic zone was somewhat 
higher in the retort and was considerably 
thicker than with a more freely burning 
coal 

The time during which the coal is plastic 
and its degree of fluidity determine the dis- 
tance the material can flow under the pres- 
sure to which it is subjected. Hence, for a 
given coal the sizes of particles and voids 
determine the degree of cementation of the 
particles. In underfeed-stoker operation 
the fines tend to concentrate at the back 
of the retort and the coarse coal at the 
front. It is doubtful that the common 
practice of removing fines from stoker coal, 
either to reduce coke-tree formation, to re- 
duce the ash content, or to render the 
coal less dusty, is economically desirable or 
technically necessary. Sherman and Kaiser 
concluded that proper adjustment of the 

218 Sherman, R. A., and Kaiser, E. R., Trans. 
Am. Inst. Mining Met. Engrs., 130, 388-407 
(1938). 


size range generally will reduce or eliminate 
these difficulties in most coals. 

Dunningham and Grumell 219 * 220 deter- 
mined the swelling properties of coal dur- 
ing combustion, under conditions of a trav- 
eling-grate fuel bed. Their apparatus 219 
consisted essentially of a mild-steel pot, 12 
inches in diameter and 12 inches in height. 
Its perforated bottom plate was covered 
by a 3-inch bed of graded silica, which 
served as a grate. By careful distribution 
of the coal in layers, a 3- or 6-inch bed of 
coal of uniform density was built up on 
this grate. The bed of coal was ignited on 
the top surface, and air was passed upward 
at a controlled rate through the fuel bed; 
ignition continued downward until the ig- 
nition plane reached the grate. Compari- 
son of the total depth of fuel bed at the 
end of the ignition period w r ith the original 
depth gave the extent of swelling (or con- 
traction). Measurements were accurate to 
within 0.5 inch. 

In the earlier study 219 the authors 
showed that the resistance of fuel beds of 
free-burning and coking coals was highest 
before the coal was ignited and was then 
gradually reduced as the ignition plane pro- 
gressed downward, there being a marked 
drop as soon as the ignition plane reached 
the grate. With slightly coking coals, the 
resistance of the fuel bed increased to 
a maximum until the plane of ignition 
reached the grate and then, as with the 
other coals, it dropped suddenly. Further 
experiments 220 showed that this difference 
in behavior could be effected by change in 
size of the coal. Tests on coal mixtures in 
a 6-inch bed at an air rate of 190 pounds 
per square foot per hour showed that with 
decrease in the graded sizes both initial re- 

219 Dunningham, A. C., and Grumell, E. S., 
J. Inst. Fuel , 9, 2A~9 (1935). 

220 Dunningham, A. C-, and Grumell, E. S., 
Fuel , , 17, 324r-7 (1938). 
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sistanee and thickness of the fuel bed in- 
creased. However, when the ignition plane 
reached the grate, the resistance increased to 
a maximum for sizes above *4 inch, whereas 
this resistance for coal under % inch de- 
creased from the initial value. Although 
the larger sizes began with a lower initial 
resistance, this resistance increased, whereas 
the smaller sizes began with a higher initial 
resistance, which decreased. It is prob- 
able that during the ignition period the 
average resistance for the two sizes would 
be much the same. 

The effects of ash content, rate of air 
flow, size of coal, and depth of fuel bed 
were studied 220 for a free-burning, High 
Hazel Seam, Derbyshire County, coal, and 
for 2 coking coals, Parkgate and Silkstone 
Seams, both from Yorks County, England. 
A series of fuel beds of varied ash content 
was prepared from each coal by mixing 
proper proportions of the float (1.35 sp. 
:r.) and sink (1.60 sp. gr.) portions. Air 
rates of 110, 190, 290, and 355 pounds per 
square foot per hour, equivalent to com- 
bustion rates of 15, 25, 37, and 49 pounds 
per square foot per hour, were used. 

All samples of free-burning High Hazel 
Seam coal (ash contents, 2.3 to 16.7 per- 
cent) at the air rate of 110 pounds per 
square foot per hour, and also those with 
ash contents up to 8.2 percent at the air 
rate of 190, showed swelling for both the 
6- and 3-inch beds. The extent of swelling 
was least in the samples of highest ash con- 
tent. Samples with more than 8.2 percent 
ash at the air rate of 190 pounds per square 
foot per hour and all samples at air rates 
of 290 and 355 showed shrinkages. For all 
air rates, almost linear reduction in the 
fuel-bed level occurred as the air rate in- 
creased, independent of the ash content. 

All the Parkgate Seam samples (ash con- 
tents, 2.9 to 15.7 percent) showed swelling 
except those of ash content above 8.6 per- 


cent and at the highest air rate of 355 
pounds per square foot per hour. Swell- 
ings of 10 to 13 inches of the 6-inch fuel 
bed were observed. With the 3-inch beds 
the effect of the ash was less pronounced. 
Small reductions in fuel-bed level occurred 
at air rates of 110 and 190, rather more at 
290, and finally a large but gradual reduc- 
tion at the air rate of 355 pounds per 
square foot per hour. 

One may conclude that there was an un- 
doubted tendency throughout for increas- 
ing ash content to reduce swelling, which 
for highly swelling coking coals might be- 
come very pronounced. It appeared that 
for strongly coking coals at high rates of 
air supply the effect might depend to some 
extent on the original thickness of the fuel 
bed. The difference between free-burning 
and coking coals was quite pronounced. 
When the ignition plane had reached the 
grate, the thickness of the fuel bed of cok- 
ing coals, at all but the lowest air rates, 
was two to three times that of the free- 
burning coal, even when the high ash con- 
tent and high air rate had reduced the 
tendency to coke. 

The effect of graded sizes of High Hazel 
Seam coal, the Parkgate Seam coal, and a 
mixed sample of the two upon the swelling 
of their 6-inch fuel beds was studied. Each 
sample contained 3 percent ash and was 
tested at an air rate of 190 pounds per 
square foot per hour. With the free-burn- 
ing, High Hazel Seam, coal the slack plus 
5 percent of water swelled no more than 
the sizes graded above % inch. With 
Parkgate Seam coal and the mixture, the 
slacks gave intermediate values. Compari- 
sons were made of the swelling of “graded 
% to % inch” and “slack plus 5 percent 
water” samples of Silkstone Seam coal con- 
taining 3 and 12.3 percent ash in 6-inch 
fuel beds and at air rates of 110, 190, 
290, and 355 pounds per square foot per 
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hour. The samples containing 3 percent 
ash showed the same swelling in both sizes, 
but in the samples containing 12.3 percent 
ash the sized %- to %-inch coal swelled 
slightly more than the slack samples at the 
higher rates of air supply. 

The investigations of Dunningham and 
Grumell indicated that, by suitable adjust- 
ment of ash content, air rate, size of coal, 
and fuel-bed thickness, coals with more 
than 83 percent carbon, considered unsuit- 
able for gas producers and small automatic 
stokers, might be usable. Coals containing 
about this percentage of carbon (High 
Hazel Seam, 81.35; Parkgate Seam, 85.28; 
and Silkstone Seam, 86.49 percent) differ 
in practical performance out of all propor- 
tion to small changes in rank. Further 
work of this nature should prove of advan- 
tage in extending the range of coals avail- 
able for the two purposes mentioned. 

Plasticity and Coal Selection 

The application of plasticity data to the 
selection of coals for various purposes has 
been discussed by Brewer. 221 The discus- 
sion referred to certain items in the Coal 
Selection Charts published in 1936 by the 
National Committee on Coal of the Na- 
tional Association of Purchasing Agents. 
The plastic properties of coals of different 
rank and type were classified upon the 
basis of their behavior in the Davis plas- 
tometer test 90 into five general divisions. 
The importance of plasticity with reference 
to the uses of such coals in various types 
of combustion installations, for gas- and 
coke-making, metallurgical practice, domes- 
tic stokers, and briquetting, was empha- 
sized. For further details the two papers 
should be consulted in conjunction. Ben- 

221 Brewer, R. E., Natl. Assoc. Purchasing 
Agents, Article 20, Jan. 13, 1938, 7 pp. (mimeo- 
graphed). 


ton 222 has found that coals showing a short 
plastic temperature range and low maxi- 
mum resistance in the Davis plastometer 
test behave well in the domestic stoker. 

Comparison op Results op Tests of 
Plastic Properties Determined 
by Different Methods 

In many of the investigations reviewed 
in the foregoing sections of this chapter, 
determinations of the plastic and related 
properties of bituminous coals have been 
made by more than one method. Fre- 
quently, however, the published descrip- 
tions of the work have been too meager 
to permit evaluation of the worth of indi- 
vidual methods as used by a given investi- 
gator. It is recognized that the many vari- 
ables in test sample, apparatus, and pro- 
cedure were not always controlled. A few 
laboratories, however, have carried out de- 
terminations by different methods under 
conditions that permit comparison of the 
results obtained. Among others, the inves- 
tigations of Gieseler, Curtis and coworkers, 
and the U. S. Bureau of Mines workers 
illustrate the agreement that may be ex- 
pected among the different methods. 

Results of tests on 9 Ruhr, 5 Lower Sile- 
sian, and 6 Upper Silesian German coals 
obtained by Gieseler using the penetrome- 
ter, Foxwell gas-flow, and plastometer test 
methods 24 > 110 are summarized in Table 
IV. The remarkable agreement of the tem- 
perature limits for the “softening zone” 
obtained by the penetrometer and plas- 
tometer tests is somewhat surprising in 
view of the fact that coal samples for 
the plastometer investigation 110 had been 
stored for more than a year and “thereby 
the Silesian coals, especially, had lost in 
caking capacity.” The softening points by 

222 Benton, E. D., Coal-Heat * The Stoker 
MagazinCj 38, No. 5, 5-8, 44-5, No. 6, 5-10 
(1940). 
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Comparison op Plasticity Data of Gieseler 


Coal 

Volatile 

Matter, 

Pure 

Coal 

Softening Zone 

Foxwell Test 

Modified Penetrometer Test 

Plastometer 

Penetrom- 

eter 

Plastom- 

eter 

Soften- 

ing 

Point 

Resolidifi- 

cation 

Point 

Swelling Range 

Swell- 

Zone of 
Greatest 
Plasticity 

Highest 
Value of 
Plasticity 

Begins 

Ends 

ing 

Ruhr 

percent 

°C 

e C 

°C 

°C 

°C 

°C 

percent 

°C 

angular 











degrees 

A 

17.3 

463-515 

461—515 

474 

537 

468 

501 

19 

482-490 

1 

B 

18.2 

410-503 

413-503 

440 

530 

431 

485 

74 

455-480 

13 

C 

20.7 

405-512 

402-512 

405 

527 

425 

487 

97 

433-483 

63 

D 

22.1 

3S0-502 

376-493 

400 

481 

391 

463 

115 

407-472 

115 

E 

23.3 

386-506 

3S0-500 

407 

473 

400 

471 

146 

410-475 

120 

F 

24.3 

388-502 


400 

470 

397 

466 

137 



G 

25.3 

390-510 


402 

oil 


467 

150 



H 

25.4 

384-506 


401 

471 

398 

466 

226 




I 

26.0 

374-502 

373-497 

385 

472 

398 

461 

260 

403-476 

c. 200 

Lower 











Silesian 











K 

24.7 i 

39o — o04 

390-503 

398 

508 

406 

464 

18 

426-450 

14 

L 

26.9 

398-491 


405 

494 

401 

459 

15 



M 

28.2 

3S9-505 

384-495 

400 

493 

398 

461 

75 

423-457 

19 

V 

32.6 

377-461 

375-462 






412-444 

39 

j 

34.8 | 

370-477 

367-475 

390 

464 

401 

425 

12 

313-439 

21 

[ Upper 











Silesian 











0 

29.6 

373-497 

370-490 i 

393 

457 

391 

461 

137 

403-468 

c. 600 

P 

32.5 

375-495 

372-4S3 | 

400 

453 

393 

452 

76 

413-457 

63 

R 

34.7 

382-472 


398 

479 

400 

446 

13 



S 

35.7 

373-49$ j 

378-468 | 

400 

486 

398 

430 

11 

414-440 

29 

T 

36.2 

381-469 | 

379-468 \ 

400 

467 

413 

413 

20 

424-431 

7 

U 

36.3 

388-456 j 

\ 

400 

440 

404 

422 

6 




the Foxwell test are seen to be generally 
higher than those for the beg innin g of the 
“softening zone” as determined by the 
other two methods. On the other hand, 
the resolidification points are higher than, 
the same as, or lower than the end tem- 
peratures of the softening zone. Such vari- 
ations, however, have often been observed 
between data by the Foxwell gas-flow test 
and other methods. 

With decrease in rank of the Ruhr coals, 
the percentage of swelling and the highest 
value of plasticity increased quite regu- 
larly. This regularity was not observed 
with the Silesian coals. The general tend- 


ency here, especially for Upper Silesian 
coals, was for the swelling and plasticity 
values to decrease with decreased rank (in- 
creased volatile matter) of the coals. The 
general trend for the plasticity (more cor- 
rectly, fluidity) of bituminous coals to in- 
crease with decreasing rank of the coal 
up to a maximum value and then decrease 
has been observed also by other work- 
ers. 142 * 65 > 91 Peak values for fluidity de- 
pended not only on rank but also on petro- 
graphic composition of the coals tested. 

Investigations with the modified heating 
microscope of Leitz, using coals of grain 
size between 0.25 and 0.4 millimeter, 
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showed 24 that the Ruhr forging coal A 
(see Table IV) remained unchanged up to 
470° C; all grains then softened between 
495 and 500° C and immediately solidified 
again. The Ruhr coking coal I, on the other 
hand, softened between 375 and 410° C and 
remained plastic to 500° C. Lower Silesian 
coking coal K showed the first change at 
402° C. Complete softening took place be- 
tween 420 and 450° C, and expansion oc- 
curred up to 500° C. Upper Silesian coal 
O first changed shape at 390° C, at which 
temperature the edges of the grains rounded 
off, and then softened at 400° C. The coal 
remained plastic for a long time and swelled 
to a large cone. Upper Silesian gas flame 
coal U , on the other hand, showed only 
partial fusion at 405° C. The top surfaces 
and shapes of the coal grains remained 
practically unchanged. 


Ball and Curtis 18 found good agreement 
between the softening temperatures of in- 
dividual particles of coal observed in a mi- 
crofusion apparatus and of a column of 
particles of the same coal determined by a 
modified Foxwell gas-flow test. Results for 
9 coals are shown in the first four columns 
of Table V. The last four columns of this 
table give data obtained by Lum and Cur- 
tis 137 with their extrusion test methods on 
6 coals of similar rank. 

Malleis 223 summarized and discussed the 
practical significance of the plastic proper- 
ties of 32 American coals and 14 blends 
tested by the U. S. Bureau of Mines by 
the Layng-Hathorne gas-flow, Agde-Damm 
dilatometer, and Davis plastometer test 
methods as originally developed 88 or with 

223 Malleis, O. O., Proc. Am. Soc. Testing 
Materials , 37, Pt. II, 402-20 (1937). 


TABLE V 

Comparison of Softening Temperatures by Microfusion and Gas-Flow Tests 
and Extrusion Data on Similar Coals (Curtis and coworkers) 


Coal Seam 

Volatile 

Matter, 

Dry 

Basis 

Micro- 

fusion 

Test 

Gas- 

Flow 

Test 

Coal Seam 

Volatile 

Matter, 

Dry 

Basis 

Extrusioi 

I 

Initial 
Temper- 
ature of 
Maximum 
Extrusion 

i Tests 

' 

Average 

Extru- 

sion 

Distor- 

tion 

Temper- 

ature 

Soften- 

ing 

Point 








grams 


percent 

°c 

°c 


percent 

°C 

per 








minute 

Big Vein (Pittsburgh) 

15.0 

430 

440 





Fulton 

15.9 

440 

440 





Kittanning 

16.3 

430 

435 





Moshannon or Lower Freeport 

17.1 

425 

430 

B or Lower Kittanning 

17.5 

500 

1.15* 

Beckley 

17.3 

425 

430 

Lower Kittanning 

22.3 

440 

0.24 t 

Pool 71 

23.1 

395 

395 

Imboden 

34.0 

420 

0.48 T 

Moshannon 

23.8 

395 

410 

Pittsburgh 

34.8 

420 

1.17 t 

Winifrede 

38.1 

380 

380 

No. 2 Gas 

36.1 

430 

1.59 } 

Black Creek 

38.3 

385 

400 

Deepwater Black Creek 

39.1 

Not plastic enough 


* Uncorrected data obtained with 0.795-centimeter-diameter orifice, 
t With 0.397-centimeter-diameter orifice. 

% With 0. 238-centimeter-diameter orifice. 
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later improvements. 90 The significance of 
the measured plastic properties in connec- 
tion with coke manufacture and combustion 
was emphasized. Insufficient data at that 
time on low-volatile coals precluded gener- 
alizations, but results on high-volatile coals 
permitted general predictions of the qual- 
ity of cokes to be expected and of the com- 


A comparison of characteristic plasticity 
data obtained by the Davis and Gieseler 
plastometer methods and expansion data 
determined by the sole-heated and slot test 
ovens by the U. S. Bureau of Mines is 
given in Table VI. With decreasing rank 
of the coals, fusion and fluidity tempera- 
tures decrease. Maximum fluidity of the 


TABLE VI 

Comparison of Plasticity and Expansion Data (U. S. Bureau of Mines) 


Coal Seam 

Dry 

Mineral- 
Mat ter- 
Free 
Volatile 
Matter 

Fusion Temperatures 
by Plastometer Tests 

Gieseler 

Maximum Fluidity, 
Maximum 
Pointer Movement 

Davis 

Blastom- 

eter 

Maximum 

Resistance 

Expansion at 

Bulk Density of 

55.5 Pounds 
per Cubic Foot 

Gieseler 

Davis 

Sole Oven 

Slot Oven 


percent 

°C 

°C 

°C 

div./min 

lb-in. 

percent 

percent 

Pocahontas No. 4 

18.0 


473 

479 

3 

Ill 

+22.6 

+27.8 

Pocahontas No. 3 

18.4 

463 

460 

476 

18 

107 

+ 17.8 

+19.9 

Sewell 

22.5 

435 

433 

461 

89 

38 

+ 11.7 

+ 16.8 

Lower Banner 

23.1 

430 

424 

467 

290 

28 

- 6.2 


Pond Creek 

33.9 

1 405 

410 

429 

1,250 

18.5 

- 6.6 

- 7.6 

High Splint 

40.1 

! 394 

i 

410 

426 

6 

9.5 

- 8.6 

- 9.3 


bustion characteristics of such coals when 
burned in stokers. 

Publications by different workers in TJ. S. 
Bureau of Mines laboratories 87 > S8 > 89 » 90 « 91 
have given comparisons of data obtained on 
the same coals using Layng-Hathorne gas- 
flow, Agde-Damm dilatometer, Davis plas- 
tometer, and Gieseler plastometer methods. 
The publications cited and a paper 224 list- 
ing twenty-two other publications show the 
order of agreement of data obtained by 
these methods on about 100 coals and 
blends and the usefulness of these data in 
predicting the gas-, coke-, and byproduct- 
making properties of American coals. 

224 Fieldner, A. C., Davis, J. D„ Reynolds, D. 
A., Brewer, R. E., Sprunk, G. 0., and Schmidt, 
L. D., U. S. Bur. Mines , Tech. Paper 61G (1940), 
47 pp. 


coals increases with rank and then de- 
creases. The Davis plastometer maximum 
resistance values decrease regularly, as do 
the expansions determined in both types of 
test ovens. These data are characteristic 
generally for coals of the ranks indicated. 
Upon the basis of rank alone, the decided 
change from expansion to contraction in 
going from Sewell to Lower Banner coal 
would not appear plausible. However, 
these two coals differed markedly in petro- 
graphic composition. The Sewell coal con- 
tained 81 percent (by area) bright, 15 per- 
cent semisplint, and 4 percent splint coal, 
whereas the Lower Banner consisted of 36 
percent bright, 53 percent semisplint, and 
11 percent carmel coal. One would, there- 
fore, expect the Sewell bed coal to expand 
and the Lower Banner bed coal to contract. 
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TABLE VII 


Classification of Coals According to Dangerous or Safe Expanding Properties by 
Three Tests (All bulk densities on dry basis) 




Bulk Density, 750 kg per cu m 

Estimated 


Volatile 




Lowest Dangerous 

Coal Designation 

Matter, 




Bulk Density 


Parr Basis 

Old 

Ordinary 

Insulating 





Standard, 

Firebrick, 

Firebrick, 





Test 1 

Modified Test 2 

Modified Test 3 

Test 2 

Test 3 

Durham 

percent 






7 B.P. Brock well 

26.0 

Safe 

Safe 

Safe 



17 T.L. Victoria 

26.5 



Safe 



16 B.P. Victoria 

26.8 

p.d. 


Safe 


850 

4 L 

27.2 

d. 

Safe 




6 T 

27.4 

p.d. 

Safe 




3 D 

27.6 

p.d. 

Safe 




2 F 

28.6 

d. 

Safe 




1 B 

29.2 

p.d. 

Safe 

Safe 



13 D.L. Brockwell 

31.5 

Safe 

Safe 




11 S 

31.7 

Safe 

Safe 

Safe 



5 C 

32.8 

Safe 

Safe 




12 E.H. 

33.3 

Safe 

Safe 




10 K 

33.4 

Safe 

Safe 

Safe 



15 D.L. Busty 

34.9 

Safe 

Safe 




8 Betco 

35.5 

Safe 

Safe 




9 Veco 

36.2 

Safe 

Safe 




14 D.L. Harvey 

37.0 

Safe 

Safe 




South Wales 







12 Anthracite Stanllyd 

5.8 

p.d. 

d. 

Safe 



10 N. lower 5 ft 

16.0 

Safe 

Safe 

Safe 


850 

1 P.A. 

17.3 

Safe 

Safe 

Safe 


825 

9 N. upper 5 ft 

19.6 

Safe 

Safe 

Safe 


825 

11 N. new 

21.9 

Safe 

Safe 

Safe 


825 

6 G.N.T. 

22.1 

Safe 

Safe 

Safe 

775 

775 

8 N. 2 ft 9 in 

22.5 

Safe 

Safe 

Safe 


800 

7 G.N. 

24.7 

Safe 

d. 

d. 


725 

• 3 P.C. 

25.4 

Safe 

Safe 

Safe 


850 

2 P.B. 

25.5 

v.d. 

d. 

d. 

750 

700 

4 G.L. 

27.4 

Safe 

Safe 

Safe 

875 

900 

5 G.B. 

29.8 

p.d. 

Safe 

Safe 

925 

900 

Somerset 







1 W.D. b 

29.8 



d. 



1 W.D. a 

30.1 

p.d. 

d. 

d. 


800 

Kent 







1 Beresford 3 ft 

25.5 

p.d. 

d. 

Safe 

775 

800 

South Yorkshire 







1 Silkstone 


Safe 





2 Parkgate and Silks 

34.6 

Safe 


Safe 



German 







1 O. 

20.0 

p.d. 

d. 

d. 


650 

2E.F. 

22.6 

v.d. 

d. 

d. 

650 

725 

3 K.L. 

27.3 

Safe 

d. 

Safe 


825 

American 







1 Kittanning 

17.2 

p.d. 

d. 

d. 

600 

625 

3 Pocahontas 

18.2 

Safe 

d. 

d. 

650 

750 

2 Sewell 

22.4 

Safe 

Safe 

Safe 

800 

775 

Canadian 







Michel 

27.2 

Safe 

Safe 

Safe 

825 

850 



306 


PLASTIC PROPERTIES OF COALS 


Comparison op Expansion Pressure 
Test Methods and Results 

Any prediction, based upon measure- 
ments made in small-scale laboratory tests 
or even in small experimental test ovens, 
of the safe, possibly dangerous, or danger- 
ous expansion pressure to be expected to 
be developed by a given coal when coked 
under conditions of commercial coke-oven 
practice is likely to prove misleading. For- 
tunately, the test results almost always in- 
dicate a higher expansion pressure than ap- 
pears to be developed by the coal in the 


coke oven, thus providing a factor of safety. 

Comparative test results obtained by 
one or more methods on 42 representative 
English, German, and American coking 
coals have been published by Mott and 
Spooner. 161 * 165 The safe, or relatively 
dangerous, expanding properties of these 
coals are classified in Tables YII and VIII. 

The classifications safe, possibly danger- 
ous (p.d.), dangerous (d.), and very dan- 
gerous (v.d.) were based on the following 
summarized conditions for each of the 
seven test methods. 


TABLE VIII 


Classification of Coals According to Dangerous or Safe Expansion Properties 



By Five Test Methods 




Baum-Heuser 
Test at 

Dry Bulk 

Koppers 
Large-Scale 
Swelling Test 
(Charge Wrapped 
in Asbestos 
Paper) at Dry 

Nedelmann 

U. S. Bureau of 
Mines, Slot and 
Sole-Heated Ovens 


Density of 

Bulk Densities of 

Test at Dry 

as Tested at 


750 (or 800) 

750 800 850 

Bulk Density of 

Bulk Density of 

Coal Designation 

kg per cu m 

kg per cu m 

830 kg per cu m 

870 kg per cu m 

Durham 

16 B.P. Victoria 

1 B. 

Safe 

Safe 

Safe Safe * d. 

. . d. 

d. 


South Wales 

7 G.N. 

d. 

d. d. 

d. 


2 P.B. 

d. 

d. d. 

d. 


Somerset 

1 W.D. a 

d. 

Safe Safe* .. 

d. 


Kent 

1 Beresford 3 ft 

Safe 

. . Safe . . 

d. 


German 

1 0 . 

d. 

d. d. 

d. 


2 E.F. 

d. 


d. 


American 

1 Kittanning 

d. 


d. 

Particularly dan- 

3 Pocahontas 

d. 


d. 

gerous 

Dangerous 

2 Sewell 

Safe 



Dangerous 

Yorkshire T.P. 

* Safe with minus 3 /£-inch coal. 

d.f d. 


t Dangerous when not wrapped with asbestos. 





COMPARISON OF EXPANSION PRESSURE TEST METHODS AND RESULTS 307 


A. Koppers A.-G. “Laboratory Method ” 
(Hoppers Small-Scale Swelling Test or Old 
Standard Test). Based upon movement of 
indicator in millimeters from zero datum 
line (3.6 times that of charge, 3.0 more 
usual; pressure 1.16 kilograms per square 
centimeter, 1.0 or 1.165 kilograms per square 
centimeter sometimes given); bulk density, 
750 kilograms per cubic meter (46.8 pounds 
per cubic foot, dry basis. 

B. Modified Test 2. Contraction of 15 
millimeters (11.1 percent) or less marks a 
coal as dangerous when tested at 750 kilo- 
grams per cubic meter bulk density, dry 
basis. 

C. Modified Test S. Contraction of 8 
millimeters (6 percent) or less, and over 1 
percent swelling marks a coal as dangerous 
when tested at 750 kilograms per cubic meter 
bulk density, dry basis. 

D. Baum-Heuser Test. Based on maxi- 
mum swelling pressure, classification by Otto 
& Co., G. m. b. H., at Bochum, and by the 
Verein fur Uberwachtung der Kraftswirtschaft 
zur Ruhrzechen at Essen, Germany 161 (bulk 
density, 800 kilograms per cubic meter, dry 
basis). 


cubic foot (870 kilograms per cubic meter) 
as tested; tentative standards: 1816 

1. Coals with maximum expansion over 14 
percent were considered particularly danger- 
ous. 

2. Coals with maximum expansion between 
5 and 14 percent were considered dangerous. 

3. Coals with maximum expansion between 
0 and 5 percent were considered probably 
dangerous. 

4. Coals whose expansion in the plastic 
layer was greater than the contraction dur- 
ing that part of the test period have not yet 
been evaluated. 

5. Coals whose total contraction exceeded 
expansion during any period of the test and 
with a total contraction of greater than 5 
percent were considered probably safe. 

Table VII classifies the expansion prop- 
erties of 41 different coals, tested by one or 
more of the three named test methods, as 
safe, possibly dangerous (p.d.), dangerous 
(d.), or very dangerous (v.d.). The coals 
from different coal beds and countries are 
arranged in order of increasing volatile 


Swelling Pressure 


Class kg per sq cm 

1 0 to 0 . 5 

2 0 . 5 to 1.0 

3 1 . 0 to 1.5 

4 Over 1 . 5 


Classification 
Harmless 1 

Slightly swelling j 
Average swelling 

Strongly swelling 


How Used 

Can be coked without danger to oven 
walls. 

Crush finely, avoid excessive moisture, 
or blend with high-volatile coal. 
Blend with other (lower-swelling) coals. 


E. Koppers Large-Scale Swelling Test. 
Based on maximum swelling pressure. Coal 
is unsafe if pressure is greater than 0.08 kilo- 
gram per square centimeter. Mott and 
Spooner 161 have said, “A contraction of 3.5 
percent or less marks a dangerous coal”; a 
slight swelling (under 1 percent) was neg- 
lected. Bulk density, 750 kilograms per 
cubic meter, dry basis. 

F. Nedelmann Test. Based on maximum 
swelling pressure. Coal is dangerous if pres- 
sure exceeds 1.0 kilogram per square centi- 
meter when tested at a bulk density of 830 
kilograms per cubic meter (51.8 pounds per 
cubic foot), dry basis. 

G. U. S. Bureau of Mines Slot and Sole- 
Heated Oven Test Methods. Based upon 
percentages of expansion and contraction at 
a standard bulk density of 55.5 pounds per 


matter content (Parr basis), but this order 
does not hold for decreasing expansion. 
Furthermore, the tabulated expansion char- 
acteristics for a number of the coals do not 
agree by the three methods, although all 
tests were made at the same bulk density 
of 750 kilograms per cubic meter (dry 
basis). 

The lack of agreement among the three 
test methods, even with special modifica- 
tions made in the tests for some of the 
coals, in assessing the safe or dangerous ex- 
panding properties of coals believed to be 
dangerous under certain conditions led to 
additional tests by other widely used test 
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methods. The results are su mm arized in tained at several different bulk densities by 
Table VIII. Modified Test 2 and Modified Test 3, does 

This survey of the six test methods not show the same order of coals for the 

studied by Mott and Spooner 16 * : « 165 (and two methods. Neither is there any strict 

their collaborators) and of the slot and correlation between the volatile-matter 

sole-heated oven test methods used by the contents, Parr basis, and the dangerous or 

U. S. Bureau of Mines 151 for assessing the safe expanding characteristics of the coals 

liability of a coal to damage oven walls in- within the different groups, 

dicates weak features in all the types of Coals showing dangerous expanding char- 
test methods compared. Because all the acteristics by more than one test method 

tests were not made at the same bulk den- are listed in Table IX according to their 

sitv, comparison of the dangerous or safe increased content of volatile matter. The 

expanding characteristics of the various table also shows the arrangement of de- 
coals, as evaluated by the several methods, creasing danger (1, 2, etc.) of the coals 

cannot be made upon a common basis, tested by the several methods. Blanks in 

Moreover, for the test methods using a the table indicate that the corresponding 

bulk density oi 750 kilograms per cubic coals were not tested in certain methods, 

meter, some coals are indicated as safe by The dangerous coals, indicated by d. } v.d. 

one method but oi a varying degree of dan- (very dangerous), par, d . (particularly dan- 
ger by another method. Furthermore, the gerous), and p.d, (possibly dangerous), 

estimated lowest bulk density at which a show, in general, lower volatile-matter con- 

coal becomes dangerous (columns 6 and 7, tent than the safe coals, indicated by s. 

Table VII), as determined from data ob- The Somerset coals are the most glaring 

TABLE IX 

Relative Orders of Dangerous Coals According to Different Test Methods and at 
Various Bulk Densities. L Old Standard Test; B, Modified Test 2; C, Modified Test 3; 
D , Baum-Heuser Test; E , Koppers Large-Scale Test; F, Nedelmann Test; and G , U. S. 

Bureau of Mines Slot and Sole-Heated Oven Tests 



Volatile 

Matter, 


Bui 

k Densities, 

Dry Basis, 

Kilograms per Cubic Meter 



Parr Eads 

750 

75C 

750 

750 or S00 

750 

800 

830 

870 

Coal Designation. 


A 

B 

C 

D 


E 

F 

G 


percent 









South Wales 12 

5.S 

p.d. 7 

d. 7, 

S s. 12 






American 1 

17.2 

p.d. S 

d. 4 

d. 1 

d. 3,4 



d. 2 

par. d. 1 

American 3 

IS. 2 

5. 10 

d, 6 

d. S 

d. 1,2 



d. 7 

d 2 

German I 

20.0 

p.d. 9 

d. 5 

d. 3 

d. 1,2 

d. 2,3 

d. 2, 3 

d. 4 


German 2 

22. S 

v.d. 2 

d. 7, 

S d. 5 

d. 5 



d. 5 


South Wales 7 

24.7 

s. 11 

d. 7, 

S d. 6 

d. 7 

d. 2,3 

d. 2,3 

d. 6 


South Wales 2 

25.5 

v.d. I 

d. 1 

d.4 

d. 6 

d. 1 

d. 1 

d. 1 


Kent 1 

25.5 

p.d. 6 

d. 3 

s. 9 

s. 8,9 



d. 9 


Durham 16 

26. S 

p.d. o 


s. 10 

s. 10 

s. 4 

d. 5 



Durham 1 

29 2 

p.d. 3 

s. 9 

s. 11 

s. 8, 9 


d.4 

d. 8 


Somerset I W.D. b 

29. S 



d. 7 * 

* 

s. 5 

* 

d. 1 


Somerset I W.D. a 

30.1 

p.d. 4 

d. 2 

d, 2 * 

d. 3, 4 * 


* 




Notes: par. d. ? particularly dangerous: v.d., very dangerous; d., dangerous; p.d., possibly danger- 
ous : s., safe. Relative order of decreasing danger : 1, 2, 3 * • * 12. 

* Question as to which Somerset coal was used. 
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exceptions. The reasons for the incon- 
sistencies in order of dangerous expanding 
characteristics shown by different methods 
for the same coals have a partial explana- 
tion in the peculiar properties of certain 
coals. The rapid rate of heating in the 
small-scale tests tends to give misleading 
results for certain coals of strong swelling 
power or for those that became exceed- 
ingly plastic. Removal of the finer sizes 
or the use of more coarsely crushed coal 
gave better results in the modified small- 
scale Koppers test, the Nedehnann test, 
and the Koppers large-scale swelling test, 
although this practice was found to be un- 
necessary in the Baum-Heuser test. No 
satisfactory reason can be advanced fGr 
this difference, because in the Baum-Heuser 
test, despite the fact that it uses an 80- 
gram charge of coal smaller than 1 milli- 
meter, rates of heating of 40 and 13° C per 
minute are found at the bottom and top, 
respectively. 

Mott and Spooner 161 suggested that 

in coking very strongly swelling coals coarse 
crushing (100 percent passing Y 2 inch) is desir- 
able and that, if the bulk density requires to 
be controlled, such coals should be wet washed 
and charged wet, when a bulk density of 
750 kilograms per cubic meter will probably 
not be exceeded. Strongly swelling coals, in 
fact, do not need crushing (as do weakly 
swelling coals) to yield a strong coke, and 


the control of their size and bulk density 
will serve to control the volume of the free 
space in the oven, a factor of importance in 
obtaining the maximum yield of crude ben- 
zole. 

Summary 

Reference to the reviews of individual 
investigations indicates that the present 
status of methods for measuring the plastic, 
agglutinating, agglomerating, swelling, and 
swelling pressure properties, as well as 
other closely related characteristics, of 
coals justifies careful further investigation. 
Perhaps the latest proposed American and 
British methods for determining the agglu- 
tinating value and the Canadian method 
for estimating the agglomerating value of 
coal have now reached states of perfection 
beyond which little further improvement 
can be expected. Methods for measuring 
plastic properties of coals need a thor- 
oughly coordinated, cooperative study by 
different laboratories with a view to ulti- 
mate standardization of some one or more 
of the existing test methods, or, if found 
desirable, of a modified or new method. 
The same argument applies with equal 
emphasis to the methods now 7 used for de- 
termining expansion and expansion pres- 
sures of coals. The American trend toward 
large test units and large-scale installations 
using tv 7 o~sided heating appears most 
promising. 



CHAPTER 7 


PHYSICAL PROPERTIES OF COALS * 
Louis C. McCabe 

rilinois State Geological Survey , Vrlana {on leave) 
AND 

Charles C. Boley 

Illinois State Geological Survey Urbana 


A beginning has been made in the meas- 
urement of certain physical properties of 
coal which have long been studied in many 
minerals and rocks. Because the proper- 
ties of coal vary with the composition and 
condition oi the vegetation at the time of 
its accumulation and burial — type — and 
with the modifications of progressive alter- 
ation after burial— rank, 1 the selection and 
precise definition of material for investiga- 
tion are difficult. Furthermore, kind and 
quantity of mineral matter, amount and 
state of water, and rapidity oi oxidation 
on exposure to air are serious obstacles to 
accurate physical measurement. These 
limitations and the qualifications which 
they introduce must be borne in mind when 
the results of determinations of physical 
properties of coal are reviewed. 

The present report summarizes the lit- 
erature dealing with specific gravity, elec- 
trical conductivity, thermal conductivity, 
specific heat, index of refieetion, index of 
refraction, and absorption and diffraction 
of X-rays, using coal from all parts of 
the world. The discussion is primarily 

* Published by permission of the Chief, Illi- 
nois State Geological Survey. 

1 Sickling, G., Colliery Guardian, 144, 401-4 
(1932). 


concerned with the physical properties of 
coal considered as a substance rather than 
as an aggregate of particles. Effective 
values of the physical properties of ag- 
gregates must be given special study. 
This important aspect of the problem of 
the physical attributes of coal is touched 
upon when it seems appropriate to do so; 
but since knowledge of the coal substance 
making up an aggregate logically precedes 
a knowledge of the properties of the aggre- 
gate, the viewpoint of the coal substance 
is emphasized. 

Specific Gravity 

Coals exhibit a considerable range of 
specific gravity because of differences in 
kind and quantity of mineral matter, in 
moisture content, in type, and in rank. 

Definitions . Specific gravity is density 
relative to that of w r ater at some specified 
temperature, usually 4° C. It is dimen- 
sionless. Apparent specific gravity is the 
specific gravity of lump coal, with inherent 
moisture, mineral matter, and air in pore 
spaces included. True specific gravity is 
the specific gravity of the coal substance, 
free of air and uncombined water but con- 
taining mineral matter. Adopting the 
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usage of Nebel, 2 unit specific gravity is 
specific gravity corrected for moisture, air, 
and mineral matter. 

Methods of Determination. The hy- 
drometer, 3 the Jolly balance, 2 and the 
Westphal balance are commonly used for 
determining the apparent specific gravity 
of lumps of coal. The lumps must be sur- 
face-dried in order to obtain meaningful 
results. The true specific gravity of coal 
may be determined by means of some 
modification of the specific-gravity bottle 
or pycnometer, in which pulverized mois- 
ture-free coal is boiled to free it of air. 4 * 5 
In all such methods, the specific gravity is 
the ratio of the weight of the sample in 
air to its loss of weight in water. For 
greater accuracy, or if the test liquid is 
other than water, this ratio is multiplied 
by the specific gravity of the test liquid 
at the temperature of observation. 

Details of technique have not been en- 
tirely agreed upon. In at least one in- 
vestigation the procedure of crushing and 
boiling air-dried coal was undertaken to 
obtain “apparent” (containing moisture 
but not air) specific gravity. 6 True spe- 
cific gravity was then calculated by use of 
an appropriate factor based on the assump- 
tion that the specific gravity of the total 
moisture contained in the coal is unity. 

As a guide to good practice in the direct 
determination of true specific gravity, it 

2 Nebel, M. L., XJniv. Illinois Eng. Exp. Sta., 
Bull . 89 (1916), 49 pp. 

3 Stanton, F. M., Fieldner, A. C-, and Selvig, 
W. A., U. S. Bur. Mines , Tech. Paper 8 (1939), 
59 PP- 

4 Strahan, A., and Pollard, W., Mem. Geol. 
Survey of England and Wales, 2nd Ed., 1915, 

p. 12. 

sDrakeley, T. J., and Hepburn, J. R. I., J. 
Soc. Chem. Ind., 43, 134-7T (1924). Moore, E. 
S., Coal, John Wiley & Sons, New York, 1940, 
P- 0. 

6 Turner, H. G., Trans. Am. Inst. Mining Met. 
Engrs ., 108 , 330-43 ( 1934 ). 


may be appropriate to note the very con- 
siderable attention given to the accurate 
determination of the true specific gravity 
of coke. Both the American Society for 
Testing Materials 7 and the British Stand- 
ards Institution 8 published detailed speci- 
fications, and a number of investigators 9 
have contributed toward a satisfactory so- 
lution of the problem. An exacting study 
has been made by Hiles and Mott, 10 who 
concluded, contrary to the opinion of some, 
that water is the most suitable pycnometer 
fluid and that minus 60-mesh is sufficiently 
fine to crush the coke. It has been re- 
ported 11 that helium and other gases have 
been used as pycnometer fluids. 

The specific gravity of the pure coal sub- 
stance, unit specific gravity, cannot be di- 
rectly determined but may be approxi- 
mated on the basis of simplifying assump- 
tions. For example, the approximate in- 
crease of 0.01 in apparent specific gravity 
for each percent increase of ash, which has 
been noted by several workers, 4 * 12 * 1S * 14 

7 Am. Soc. for Testing Materials, Standard 
D167 (1924), 5 pp. 

s Brit. Standards Inst., Standard 735, 56 
(1937). 

9 Rose, H. J., Ind. Eng. Chem., 14, 1047-9 
(1922). Selvig, W. A., and Parker, W. L., 
Chem. & Met. Eng., 2S, 547-50 (1923). Neu- 
mann, B., Gross, W., Kreznser, L., and Schmidt, 
J., Brennstoff-Chem., 15, 161-5 (1934). 

10 Hiles, J., and Mott, R. A., Fuel, 16, 64-71 
(1937). 

11 RisinnS of Current Research in Coal and 
Coal Utilization , Bituminous Coal Research, Inc., 
Washington, D. C., 1936, p. 10. Palvelev, V. T., 
Bull. acad. set U.R.S.S. , Classe sci. Tech., 1939, 
No. 4, 79-88 ; Chem. Ahs., 34, 7575 (1940). 
Smith, R. C., Jr., and Howard, H. C., Ind. Eng. 
Chem., 34, 438-41 (1942). 

12 Seyler, C. A., Practical Coal Mining, Gres- 
ham Bros., London, 1909, p. 80. 

13 Fermor, L. L., Records Geol. Survey India, 
60, 313-57 (1928) ; Fuel, S, 16-29 (1929). 

i4Lawall, C. E., and Holland, C. T., Trans. 
Am. Inst. Mining Met. Engrs., 101, 100—16 
(1932). 
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may be extrapolated to zero ash content 
as a first approximation. 12 However, this 
relationship is not rigorous and must be 
modified for coals containing considerable 
amounts of iron compounds. It is some- 
times used to secure rapid estimates of 
ash content at coal washeries or in the 
field. 

Turner € suggested an expression for 
dry, ash-free specific gravity on the basis 
of an assumption that ash is the quantita- 
tive equivalent of mineral matter, with a 
specific gravity of 2.7. Although this is 
undoubtedly a close approximation, gener- 
ally, to unit specific gravity, the latter can 
be approximated still more closely by cor- 
recting for the inequality of ash and min- 
eral matter. 15 * 10 

For most coals, mineral-matter content 
is of the order of 15 percent larger than 
ash content. 17 ’ 15 A usually more accurate 
value may be obtained with the aid of the 
widely used Parr expression 19 

Mineral matter 

= l.GS X Ash 4- 0.55 X Sulfur 

or of one of several suggested modifica- 
tions. 1 ' 1 ’ The following expression has 
been suggested specifically for English 
coals by King and his associates: 21 

is Brinsmald, W., J. Ind. Eng. Chem 1, 65-8 
(1909). Mayer, K., Brcnnsto^-Chem 10, 377-82 
1 1929). Stansfield, E., and Sutherland, J. W., 
Trans. Am. Inst. Mining Met. Engrs., SS, 614-26 

(1930). 

ie Schuster, F., Gas- u. Wasserfach, 74, 629-35 
(1931). 

it Purdoa, A., and Sapgirs, S., Fuel, 12, 40-6 
(1933). 

is Thiessen, G.. Illinois State Geol. Surv Sept. 
Investigations 32, 27-39 (1934). 

is Parr, S. W., and Wheeler, W. F., Vniv. Illi- 
nois Eng . Exp. St a.. Bull 37 (1909), €S pp. 

20 Fieldner, A. C, and Selrig, W A., Trans. 
Am. Inst. Mining Met. Engrs., SS, 597-613 
(1930). 

21 King, J. G., Maries, M. B., and Crossley, 
H. E., J. Soe. Chem. Ind., 55, 277-SIT (1936). 


Mineral matter = 1 .09 X Ash 4- 0.5 X 

Pyritic sulfur -f 0.8 X 
C0 2 - 1.1 X Sulfates 
in Ash + Sulfates orig- 
inally present in the 
coal 4- 0.5 X Total 
chlorine 

where all values are expressed in percent- 
ages of the dry coal. Modifications of these 
formulas may be required for specific coals, 
depending mainly on the forms in which 
the sulfur and the carbonates occur. 

Perhaps the nearest approach to direct 
determination of mineral-matter content 
involves the visual identification and quan- 
titative estimation of the minerals asso- 
ciated with the coal. This laborious pro- 
cedure was completely carried out by 
Ball 22 for one Illinois coal sample. 

In addition to an estimate of quantity 
of mineral matter, an estimate of mean 
specific gravity of mineral matter is re- 
quired for computing unit specific gravity. 
Mean specific gravity of mineral matter 
may be approximated more or less closely 
from a knowledge of pyritic sulfur (or, less 
satisfactorily, of total sulfur) and of total 
mineral matter by using 5.0 for the specific 
gravity of pyrite and 2.7 for that of the 
other minerals in coal. Unit specific grav- 
ity is then given by 

(100 - p)ab 
1005 — ap 

where a = true specific gravity of coal, in- 
cluding mineral matter. 
b = average specific gravity of min- 
eral matter. 

p = percentage by weight of mineral 
matter in coal. 

Based essentially on the above expres- 
sion, specific-gravity assay methods have 
been suggested for the rapid determination 

22 Ball, C. G., Illinois State Geol. Surv., Rept. 
Investigations 33 (1935), 106 pp. 
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of incombustible matter in mixtures of coal 
and rock dust 23 and of the ash content 
and. calorific value in coal of any constant 
type, 24 such as would be encountered in 
control testing at most coal-preparation 
plants. The methods assumed that the ma- 
terial tested is a mechanical mixture of 
two components, each of constant and 
known specific gravity. By measuring the 
specific volume of the mixture, the percent- 
age of each component could be estimated 
by computation or by reference to an ap- 
propriate calibration table. In Lategan’s 
discussion the calibration table was ex- 
tended to cover calorific values. It may 
be remarked that both these papers in- 
advertently stated that the above assump- 
tion leads to the linearity of content by 
weight of the heavier component (rock 
dust in the discussion by Fieldner, Selvig, 
and Osgood; ash or mineral matter in that 
by Lategan) with specific gravity of the 
mixture. This assumption actually leads 
to a relationship between content by weight 
of the heavier component and specific 
gravity that is curvilinear, being concave 
toward the specific-gravity axis. 13 * 25 How- 
ever, the curvilinearity is so slight up to 
30 or 40 percent of the heavier component 
that most data on coal appear to bear a 
linear relationship, as has been noticed by 
several investigators. 4 * 12 * 13 * 14 * 23 > 24 Rig- 
orous linearity would imply systematic 
variations in the specific gravity of the 
coal substance or of the mineral matter (or 
ash), or a swelling in total volume when 
the two are combined in varying concen- 
trations. 

23 Fieldner, A. C., Selvig, W. A., and Osgood, 
F. D., U. S. Bur. Mines , Tech . Paper 144 (1918), 
36 pp. 

2* Lategan, P. N., Fuel, 6, 447-8 (1927). 

25 Whitaker, J. W., Trans. Inst. Mining Engrs., 
64, 191-202 (1922). Drakeley, T. J., and Hep- 
burn, J. R. I., J. Soc. Chem. Ind., 43, 277-8T 
(1924) ; Colliery Guardian , , 128, 744 (1924). 


Freshly mined coal is usually assumed to 
be saturated with moisture, most of 'which 
is probably held mechanically in the pore 
space 26 The apparent specific gravity of 
a given coal usually decreases as the coal 
loses moisture, 2 * 14 * 27 » 2S but, if the coal is 
soaked in water for some hours before ap- 
parent specific gravity is determined, the 
value obtained closely approximates that 
of the coal as mined. 2 * 26 Variables of 
rank, type, and ash content being equal, 
coals having higher moisture content in the 
fresh condition usually have lower appar- 
ent specific gravity. 20 

Variations in specific gravity inherently 
due to type differences have been little ex- 
plored. Vitrain is usually found to have 
the lowest apparent specific gravity, which 
is probably a reflection of its relatively low’ 
ash content. The apparent specific gravi- 
ties of clarain and of durain 29 are gener- 
ally but not always higher. These types 
are composed of a variety’ of plant ma- 
terials and must be more carefully classi- 
fied before significant variations are ap- 
parent. It has been observed that spore 
exines found in both these types of coal 
have somewhat low r er 30 apparent specific 
gravity than the other plant remains oc- 
curring wfith them. 

Lange 31 collected 28 instances in which 
apparent specific-gravity data on bright 
and dull coals and fusain were directly 
comparable, together with complete proxi- 
mate and ultimate analyses on 16 such sets 

26 McMillan, E. R., and Bird, B. M., Univ. 
Wash. Eng. Exp. Eta ., Bull. 2S (1924), 234 pp. 

27 Drakeley, T. J., and Jones, W. O., J. Soc. 
Chem . Ind., 42 , 163-6T (1923). 

28 Fermor, L. L., Records Geol. Survey India , 

62, 189-228 (1930) ; Fuel, 9, 246-65 (1930). 

29 Fermor, L. L., Records Geol. Survey India , 

63, 358-77 (1930). 

80 Macrae, J. C., and Wandless, A. J. Soc. 
Chem. Ind., 55, 15-90?* (1936). 

31 Lange, T., Schriften aus dem Gebiet der 
Brennstoff -Geologic, Ferdinand Enke, Stuttgart, 
1929, pp. 55—127. 
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of three and proximate analyses on 12 sets 
on a dry basis. Fusain exhibited the high- 
est specific gravity in all cases but two, 
the average values for the bright coal, the 
dull coal, and the fusain being 1.293. 1.306, 
and 1.519, respectively. The respective 
average dry ash contents were 1.52, 4.94, 
and 9.00 percent, indicating that the high 
apparent specific gravity of fusain was due 
to a certain extent to mineral matter asso- 
ciated with it, but even very pure fusain, 32 
and fusain on a dry, ash-free basis, 33 have 
been found to have a distinctly higher spe- 
cific gravity than the associated coal com- 
ponents. 

On the basis of the observed linear rela- 
tionship between apparent specific gravity 
and ash content of certain Indian coals 
studied by him, Fermor 13 concluded that 
coals of the “vitrain-durain series” may be 
considered colloid systems of the suspensoid 
type, in which vitrain is the dispersion 
medium, mineral matter a fine dispersed 
phase, and vegetable detritus a coarse dis- 
persed phase, and that vitrain itself is 
composed of moisture and moisture-free 
vitrain in a colloidal relationship. 23 How- 
ever, these deductions are not altogether 
obvious from his data, since linearity of 
specific gravity and composition by weight 
of a two-component mixture are not- gener- 
ally accepted as a sufficient condition for 
a colloidal system. 34 

Fermor found no consistent correlation 
relating the ash-free specific gravity 33 of 
the vitrains and du rains he studied with 
volatile matter, fixed carbon, or fuel ratio, 
but he did note that, for any given coal, 

32 Lange, T., Z. oderachles. berg- u. hiitten- 
miinn. Ter. Katowice , 67, S34-7 (1923). 

33 Wandless, A. XL, and Macrae, J. C., Fuel, 
13, 4—15 (1934). 

34 Wintgen, R., KolJoid-Beihefte , 7, 251-82 
(1915). 

35 Obtained by the deduction of 0.01 from 
apparent specific gravity for each percent of asb 
on an as-received basis. 


ash-free specific gravity increased with 
moisture either regularly or in steps. 28 - 29 

Specific-gravity differences due to rank 
may largely obscure the correlation of ash 
or mineral-matter content with apparent 
specific gravity when a number of coals of 
different rank are considered together. 
This is illustrated by a series of 70 tests on 
various American coals made by the United 
States fuel-testing plant at the Louisiana 
Purchase Exposition, 36 in which there is a 
nearly complete lack of correlation of ap- 
parent specific gravity with either ash or 
sulfur content. Varying moisture content 
probably contributed to the scatter of the 
data. 

Coals of higher rank tend to have higher 
specific gravity, as is fairly apparent in the 
series representing a wide range of rank 
difference shown in Table I. 37 The in- 
crease in specific gravity (probably appar- 
ent specific gravity, although the authors 
did not say) may be accounted for by pro- 
gressive breaking up of the hydrocarbons, 
loss of the lighter atomic groups, and re- 
arrangement into heavier groups during 
coalification. 

Washability or float-and-sink testing is a 
widely employed laboratory technique 
based on differences in the apparent spe- 
cific gravity of coal from a single source 
and of the associated impurities. The coal 
is usually separated into several fractions 
by heavy liquids of various known specific 
gravities, chosen in the critical range of 
separation of coal and refuse. Water solu- 
tions of zinc chloride are commonly used 
for the coarse sizes, 26 * 3S * 39 and organic so- 

36 Lord, N. W., Z7. S. Geol. Survey , Bull. 323 
(1907), 49 pp. ; XJ. S. Bur. Mines, Bull. 28 
(1911), 51 pp. 

37 Hoffmann, E., and Jenkner, A., Gluckauf, 68, 
81-8 (1932); Fuel, 12, 98-106 (1933). 

33 McMillan, E. R., and Bird, B. M., U. 8. 
Bur. Mines, Kept. Investigations 2570 (1924), 

12 pp. 

39 Callen, A. C., and MitebeU, D. R., TJniv. 
Illinois Eng. Exp. Sta Bull. 217 (1930), 114 pp. 
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TABLE I 


Ash, Volatile Matter, Specific Gravity, and Ultimate 
Analysis of Coals of Different Rank 37 


Coal 

Ash 

Volatile 

Matter 

Specific 

Gravity 

Carbon 

Hydrogen 

Sulfur 

Nitrogen 
plus Oxygen 

Brassert flame coal 

percent 

3.20 

percent 

40.58 

1.31 

percent 

79.10 

percent 

6.16 

percent 

1.96 

percent 

10.48 

Prosper gas coal 

1.45 

25.89 

1.29 

84.32 

4.88 

0.87 

8-50 

Konig Ludwig fat coal 

8.10 

21.45 

1.34 

83.94 

3. 58 

1.07 

4.21 

Langenbrahm anthracite 

1.97 

8.70 

1.35 

S8.72 

3.86 

0.76 

5.59 

Pennsylvania anthracite 

3.48 

4.10 

1.45 

90.03 

2.59 

0.75 

3 . 15 

Italian anthracite 

7.01 

8.87 

1.76 

87.45 

1.30 

0.2S 

3.96 

Trieben graphite 

2.45 

4.90 

1.90 

94.46 

0.56 

0.24 

2.20 


lutions, such as mixtures of benzene, carbon 
tetrachloride, and bromoform, for the fine 
coal. 39 * 40 The test data are most readily 
interpreted through the construction of 
washability curves. 41 This information is 
of prime importance in planning appropri- 
ate preparation processes for a given coal, 
since most coal-cleaning processes depend 
to a large extent upon differences in spe- 
cific gravity for the separation of clean coal 
from refuse. 39 * 42 (See Chapter 16.) 

Apparent specific gravity is a variable of 
obvious importance in connection with bulk 
density of broken coal, 43 although its effect 
is greatly modified by the voidage charac- 
teristic of the size distribution and of the 
degree of segregation of the broken coal. 

40 Bird, B. M., and Messmore, H. E., U. 8. Bur. 
Mines , Rept. Investigations 25S6 (1924), 4 pp. ; 
Univ. Wash. Eng. Exp. 8ta., Bull. 46 (1928), 36 
pp. Hall, P. E., J. Chem. Met. Mining Soc. 8. 
Africa, , 32, 174-81 (1932), 34, 263-9 (1934), 35, 
183-4 (1935). 

41 Bird, B. M., Proc. 2nd Intern. Gonf. Bitu- 
minous Coal , 2, 82-111 (1928), Proc. 3rd Intern. 
Gonf. Bitummous Coal , 2, 721—35 (1931). Coe, 
G. D., U. S. Bur. Mines , Circ. 7045 (1938), 10 
PP- 

42 Chapman, W. R., and Mott, R. A., The 
Gleaning of Coal, Chapman and Hall, London, 
1928, 680 pp. Yancey, H. E., and Fraser, T., 
U. S. Bur. Mines, Bull. 300 (1929), 259 pp. 
Yancey, H. F., and Porter, C. B„ JJ. 8. Bur. 
Mines, Tech. Paper 536 (1932), 18 pp. Gaudin, 
A. M., Principles of Mineral Dressing, McGraw- 
Hill Book Co., New York, 1939, 554 pp. 

43 Flagg-, S. B., U. 8. Bur. Mines, Tech. Paper 
184 (1918), 11 pp. 


This is a little-explored field, but some 
thought-provoking discussions have ap- 
peared. 44 

Electrical Conductivity 

Electrical conductivity may be defined as 
the reciprocal of electrical resistivity, where 
the latter is measured by the resistance of 
a body of unit length and unit cross-sec- 
tional area. The unit of electrical conduc- 
tivity is the mho per centimeter; that of 
electrical resistivity is the ohm-centimeter. 
For high resistivities the unit megohm- 
centimeter is sometimes used, equivalent to 
I0 6 ohm-centimeters. 

The electrical conductivity of coal and 
coke has been the subject of a number of 
investigations within recent years. Exten- 
sive geophysical field studies have been 
undertaken by government surveys and 
private agencies in prospecting for coal, 45 > 46 
and some of the field investigations have 
been preceded by laboratory experiments 
for the purpose of evaluating the resistivity 

44 Furnas, C. C., U. 8. Bur. Mines, Bull. 307, 

82 (1929). Leven, K., Gluckauf, 67, 770-2 

(1931) ; Fuel, 10, 369-71 (1931). Dummett, G. 
A., and Greenfield, G. J., Colliery Guardian, 14S, 
674—7, 722-4 (1934). Rosin, P. O., Trans. Inst. 
Chem. Engrs. London, 15, 167-92 (1937). Koep- 
pel, C., Gluckauf, 73, 369-78 (1937) ; Fuel, 17, 
10-8 (1938). 

45 Hawkins, R. H., Trans. Am. Inst. Mining 
Met. Engrs., 110, 76-120 (1934). 

46 Ewing, M., Crary, A. P., Peoples, J. W., and 
Peoples, J. A., Jr., ibid., 119, 443-83 (1936). 
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characteristics of the coals and their asso- 
ciated beds. The data are not always com- 
parable, however, as the conditions of lab- 
oratory work sometimes differed signifi- 
cantly. 

In examining the work of various in- 
vestigators on the electrical conductivity 
of coal, a distinction must be drawn be- 
tween tests on coal blocks, inclusive or 
exclusive of mineral matter, and tests on 
aggregates of coal particles. The majority 
of investigations deal with the aggregates, 
and It must be remembered that for such 
samples values for electrical conductivity 
or resistivity are not correctly referred to 
coal (or lignite or coke) but rather to ag- 
gregates of these particles. Such “effective” 
values are strongly affected by particle-size 
distribution and by degree of packing and 
must be viewed warily lest they be of 
ad hoc value only. 

Wet lignites have been found by Haw- 
kins 45 to be very good conductors of elec- 
tricity, relative to most coals and asso- 
ciated materials. Of the silts, lignites, and 
clays he studied, a wet lignite was the best 
conductor, having a conductivity approxi- 
mately twelve times that of the most re- 
sistant clay. For the most part, the con- 
ductivities of lignite and clay were in a 
ratio of about 3 to 1. Resistivity was 
found to be strongly dependent upon mois- 
ture content, as indicated by ohm-centi- 
meter values of 900 for wet lignite and 
3.SQ0 for lignite dried to the crumb lin g 
point. Details of the laboratory work 
were not given, but it was stated that an 
electrical current was passed through 
shaped bars of lignite and through cylin- 
drical blocks of clay packed in glass tubing. 

Higher-rank coal exhibits definite anisot- 
ropism with reference to the passage of 
electricity, as Sinklnson 41 pointed out for 

47 Sinkiiison, E., Ind. Eng . Ckem., Ind. Ed., 
250, 802-5 (1928). 


anthracite. Using two polished centimeter 
cubes, he noted resistances of 789 and 992 
ohms when the current was passed paral- 
lel to the coal laminae, and 4,509 and 5,090 
oh ms when the current passed perpendicu- 
lar to them. This characteristic is highly 
developed in graphites, the resistivity nor- 
mal to the principal axis of the crystallites 
being of the order of one hundred times 
greater than that parallel to the axis. 48 

Ewing and his associates 46 were con- 
cerned with the resistivity of anthracite 
and its associated rocks in the western 
middle anthracite basin of Pennsylvania. 
In their laboratory work they explored dry 
anthracite blocks by two methods: (1) a 
duplication to a reduced scale of the stand- 
ard four-electrode method used in the 
field; and (2) a determination of the po- 
tential drop at intervals along a prism of 
anthracite 5 to 10 centimeters long and 1 
to 2 centimeters thick. Orientation of coal 
laminations was not reported. One series 
of 15 blocks averaged 1.2 X 10- 4 megohm- 
centimeter, ranging from 0.7 X 10” 4 to 2 X 
IQ -4 megohm-centimeter. A second series 
of 6 blocks averaged 2,100 X lO -4 megohm- 
centimeter, and a third set of 4 blocks, 
collected fairly close together in the Mam- 
moth Seam near Shamokin, resulted in de- 
terminations of 1, 60, 100, and 600 meg- 
ohm-centimeters. These are extremely 
■wide variations. Three specimens of bi- 
tuminous coal from New River, West Vir- 
ginia, yielded results of 60, 100, and 150 
megohm-centimeters. They were reported 
as having 27 percent volatile matter, 69 
percent fixed carbon, 4 percent ash, and 
0.7 percent sulfur, on the dry basis. The 
authors suggested that variation in resis- 
tivity may be concomitant with variations 
in volatile-matter content, but the evi- 

4S Washburn, G. Ann . Physik, 48, 236-50 
(1915). 
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dence presented hardly warrants a definite 
conclusion. 

Experiments on the electrical conduc- 
tivity of aggregates of particles were re- 
ported by Sinkinson 4 ? in 1925, in which 
definite changes in conductivity were found 
to take place as pulverized bituminous coal 
and anthracite were heated in a closed ves- 
sel. In this work Sinkinson buried two 
electrodes approximately 1 centimeter apart 
in the coal to be tested, which was then 
slowly heated in an electric furnace of 
special design. The temperature at which, 
under the conditions of the experiment, a 
perceptible current would flow between 
the electrodes was taken as a measure of 
conductivity. This critical conducting tem- 
perature apparently was fairly sharp and 
reproducible. It was observed that this 
temperature was somewhat higher for 
strongly coking coal than for poorly cok- 
ing coal, and, for anthracite, the range of 
reported results extended from 425 to 
570° C. Other experiments indicated that 
the conduction between the electrodes is 
due to free carbon liberated by the thermal 
decomposition of the hydrocarbon gases 
evolved during heating. In 1938, Sinkinson 
and Ganz presented some further data ob- 
tained by this method. 50 

Adopting a different approach from 
that in the work reported in 1925, Sinkin- 
son 47 developed a cell suitable for meas- 
uring directly the resistance of any con- 
ducting powder, in which the test cell is 
operated simultaneously with a standard 
cell. In this work he measured the elec- 
trical resistance of 1 gram of minus 48- 
mesh coal, compacted in a 1-centimeter 
glass cylinder. Contact resistance between 
coal and electrodes was determined and 

49 Sinkinson, E., Ind. Eng. Chem., Ind . Ed., 
17, 27-31 (1925). 

so Sinkinson, E., and Ganz, J., ibid., SO, 1419 
(1938). 


subtracted, but since distances between 
electrodes during the tests were not re- 
ported, the results cannot be converted 
from ohmic resistance to resistivity. Five 
Pennsylvanian and two Scottish anthra- 
cites and semianthracites, quite similar as 
to proximate analysis, were tested with re- 
sults ranging from 75 to 6 X 10° ohms. 
Part of the wide variation may be due to 
the extreme effect of particle size on re- 
sistance, as disclosed in preliminary work 
with the cell. It is interesting to note 
that mixtures of graphite and calcium car- 
bonate in varying percentages began to 
increase sharply in resistance when the 
graphite content fell below 15 percent. In 
this connection the interested reader may 
wish to compare the work of Aryakos, 51 
who noted a logarithmic dependence of con- 
ductivity on the composition of a mixture 
of equally ground materials. 

The possibility of using the property of 
electrical conductivity as a measure of the 
degree of carbonization of coke was in- 
vestigated by Koppers and Jenkner 52 
with encouraging results. For this work 
they used a conductivity cell essentially 
like that of Sinkinson, 47 except that no 
standard cell was operated concurrently 
with it. Although they noted an effect on 
conductivity due to particle size, Koppers 
and Jenkner standardized on 70 X 100 
mesh-per-eentimeter particles, under a 
pressure of 150 atmospheres (155 kilo- 
grams per square centimeter). Ten low- 
ash coals, ranging in volatile matter con- 
tent from 7 to 40 percent, were carbonized 
at 950° C. The results, expressed as re- 
sistivity, ranged from 0.0403 to 0.1561 
ohm-centimeter, the lower values being as- 
sociated with the better cokes. Resistivity 

51 Aryakos, G. Y., J. Tech. Phys. V.8.S.R., 4, 
307-12 (1934). 

52 Koppers, H., and Jenkner, A., Arch. Eisen - 
Mttenw., §, 543-7 (1932). 
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was found to decrease markedly with car- 
bonizing temperature, as indicated by six 
tests with the best coking coal of the first 
series, at temperatures from 400 to 
1,200° C. It was concluded that ash con- 
tent, within its usual limits, is of only 
slight importance. 

Myer, 53 in an examination of certain 
physical properties of selected coals, noted 
that anthracite particles exhibited resis- 
tances of the order of one-hundredth that 
of the low-volatile bituminous coals tested, 
and of the order of one-thousandth that 
of an Indiana high-volatile bituminous 
coal. A conductivity cell of the same es- 
sential type as that of Hoffmann and Jenk- 
ner was used in this investigation. Re- 
sistance was found to decrease with in- 
creased pressure, becoming sufficiently con- 
stant at 10 kilograms per square centimeter 
to warrant standardizing on this figure. 
Samples weighing 2 grams were used, and 
results were reported in terms of ohmic 
resistance rather than resistivity. Results 
for 14 dried anthracites ranged from 5,600 
to 44,900 ohms, with an average of 16,530 
ohms. Xo particular correlation with vola- 
tile matter is evident. A series of seven 
samples of anthracite from Shamokin wms 
notably higher in resistance, ranging from 
1 10 X 1G 4 to 2,800 X IQ 4 ohms, which 
should be compared with the results of 
Ewing and his associates 45 on Shamokin 
anthracite. An Indiana high-volatile bi- 
tuminous coal yielded a value of 4,750 X 
ID 4 ohms; a charcoal, 46 ohms; a coke, 
0.37 ohm; and a graphite, 0.173 ohm. 
Myer found that all coal samples after be- 
ing carbonized at 950 c C exhibited uni- 
formly low resistances, of the order of 0.77 
ohm, suggesting that the residual carbon 
content of all coals tested under these con- 
ditions was very much the s am e. 

53 Myer, J. L., Am. Inst. Mining Met. Engrs., 
Tech. Pul. 482 (1932), 19 pp. 


Davis and Auvil 54 studied the electrical 
conductivity of dried cokes from ten widely 
distributed American coking coals, coked 
in the special test retort developed by the 
United States Bureau of Mines and the 
American Gas Association. Their conduc- 



Pig. 1. Electrical conductivity cell." 4 


tivity cell (Fig. 1) was similar in principle 
to that of Koppers and Jenkner 52 and of 
Myer, 53 but a much higher pressure, 60,000 
pounds per square inch (4,220 kilograms 
per square centimeter), -was found to be 
desirable. With proper technique good 
reproducibility wms achieved. Approxi- 
mately y 2 gram of 150- to 200-mesh coke 
particles was used. For cokes prepared at 
carbonizing temperatures ranging from 600 
to 1,100° C, those from Illinois No. 6 coal 

54 Davis, J. D., and Auvil, H. S., Ind. Eng. 
Chem., 27, 1196-200 (1935). 
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yielded systematically high results whereas 
those from the Sewell Seam of West Vir- 
ginia were consistently low, the respective 
values at a carbonizing temperature of 
80G = C being 0.2060 and 0.0316 ohm-cen- 
timeter. A large decrease in resistivity 
occurred with increase in carbonizing tem- 
perature, such that the average value for 
coke made at 600° C was about 370,000 
times that for coke made at 1,100” C, for 
the five coals tested. It was concluded that 
the kind and quantity of volatile matter 
in the coke affect its resistivity to a marked 
degree. A logarithmic relationship fits the 
data fairly well, although the constants of 
the expression for carbonizing temperatures 
at and above SC0 c C are different from 
those below S0CC C. 

An exactly similar cell and similar test 
procedure were used by McCabe 55 in de- 
termining the resistivity of 150- by 200- 
mesh samples of the banded ingredients. 
The resistivities of all samples of moisture- 
free wit rain and ciarain were greater than 
300 megohm-centimeters (Table II), which 
places them in the class of materials loosely 
termed “nonconductors/ 7 Fusain, in con- 
trast to vitrain and ciarain, exhibited low 
resistivity. With one exception, the resis- 
tivity of fusain decreased with a ’decrease 
in volatile matter. Resistivity values of 
dry fusain were lower than those for wet 
vitrain. 

Davis and Younkins es made use of the 
higher electrical conductivity and higher 
electrostatic capacity of fusain to separate 
it from associated bone coal and mineral 
matter after removing the components of 
lower specific gravity by centrifuging the 
sample in a mixture of gasoline and carbon 
tetrachloride of 1.40 to 1.45 specific gravity. 

55 McCabe, L. Fuel, 16, 267-SO. 309-16 
(1937). 

58 Davis, J. D.. and Younkins, J. A.. Fuel , S, 
43S-40 (1929). 


Utilizing the electrical conductivity of a 
core of coke, the Detroit Edison Company 
developed a process for the coking of coal 
by electricity, for which many advantages 
have been claimed. 57 The experimental 
retort had a capacity of 30 tons of coal, 
which was fed into a vertical cylinder 40 
feet long and 6 feet in diameter, around a 
comparatively small core of coke particles. 
The heat developed in passing electricity 
through the core carbonized the immedi- 
ately surrounding coal layer, which in turn 
became a conductor and permitted the 
heating of following layers. Coking thus 
proceeded from the inside out. 

Thermal Conductivity 

Thermal conductivity may be defined as 
time rate of transfer of heat by conduction 
across unit area for unit temperature gradi- 
ent. Its units in the cgs system are calories 
per second, per square centimeter, per 
‘-'degree Centigrade per centimeter thick- 
ness, winch are the units used in this re- 
port,. The cgs units may be converted to 
Btu per hour, per square foot, per “degree 
Fahrenheit per foot thickness” by multi- 
plying the figures given by 241.9. 

The experimental determination of the 
thermal conductivity of coal as a substance 
has been largely neglected in favor of that 
of coal as an aggregate of particles, both 
because of more difficult experimental con- 
ditions surrounding the former and be- 
cause practically all uses of coal involving 
the application of heat are concerned with 
coal as masses of particles. Furthermore, 
the thermal conductivity of a mass of par- 
ticles of the general nature of coal is de- 
pendent only in small part on the conduc- 
tivity of the substance of the particles and 
depends to a far greater extent on radia- 

57 Stevens, H., Proc. Fuel Eng. Con}., 3, 413- 
45 (1936) ; Scientific American 3 157, 270—2 

(1937). 
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tion from particle to particle, which in 
turn is a function largely of temperature 
and physical geometry. 58 The nature of 
the gas filling the free spaces between 
grains is also of considerable importance. 59 
In view of these considerations, the relative 
lack of attention to the thermal conduc- 
tivity of coal as a substance is understand- 
able. 

The thermal conductivity of the coal 
substance was investigated by Sinnatt and 
Macpherson 60 in 1922, using the com- 
pound bar method. In this work, a 59- 
centimeter brass bar was cut in two in a 
plane perpendicular to the long axis, and 
discs of coal from 1 to 2 millimeters thick 
and about 1.6 centimeters in diameter w'ere 
placed between the halves of the bar. 
Steam was applied to one end of the bar 
and cold water to the other; after equi- 
librium had been established, the tempera- 
ture gradient along the bar was investi- 
gated by means of thermocouples. The 
thermal conductivity could be computed 
from the resulting data. A total of tv T elve 
determinations on coal and eight on asso- 
ciated materials was reported, and there 
were indications of a linear variation of 
thermal conductivity with ash content. 
For eight coals of 30 to 35 percent vola- 
tile matter and less than 10 percent ash, 
the reported values for thermal conduc- 
tivity ranged from 0.00037 to 0.00055. A 
pyrite was reported at 0.0074. 

Terres 61 has reported the thermal con- 
ductivity of a single piece of coal of mi- 
ss Mayers, M. A., Trans . Am. Inst. Mining Met. 
Engrs 130, 408-24 (1938). 

59 Smolucbowski, M., Bull, intern, acad. sci. 
Cracovie, 191 OA, 129-53 (1910). Aberdeen, J., 
and Laby, T. H., Proc. Roy. Boc. (London), 113A, 
459-77 (1927). King, W. J., Mech. Eng., 54, 
190-4, 275-9, 296, 347-53, 410-4, 492-7, 560-5 
(1932). 

eo Sinnatt, F. S., and Macpherson. H., Fuel, 
3, 12-4 (1924). 

61 Terres, E., Proc. 2nd Intern. Conf. Bitumi- 
nous Coal, 2, 657-84 (1928). 


identified kind as about 0.0006. The Fuel 
Research Board of Great Britain supplied 
Gilbert wdth a value equal to 0.00049 for 
bituminous coal, for use in his careful 
study of the mechanics of heat drying. 62 
There have also been some tests, under 
rather poorly controlled conditions, of heat 
conductance of coal in place underground. 63 

Somewhat more work has been reported 
on aggregates. In 1928, Terres, 61 using a 
method in which time-temperature curves 
are taken at two or more points in the 
direction of the flow* of heat, reported that 
masses of closely sized coal grains ranging 
up to 5 millimeters had thermal conduc- 
tivities of the order of 0.0003 to 0.0004 be- 
tween temperatures of 25 and 130° C. 
Similar experiments with granulated coke 
at higher temperatures indicated that con- 
ductivity was linearly related to the tem- 
perature of test, the rate of increase being 
about 0.001 per 100-degree increase in test 
temperature. These latter tests ranged 
from about ISO to about 620° C, the values 
of thermal conductivity at the higher tem- 
perature being 0.002 and 0.003 for 1- and 
2-millimeter particles, respectively. 

Terres suggested that, during the pro- 
gressive heating and transformation of coal 
into coke, the thermal conductivity in- 
creases without sharp break from approxi- 
mately 0.0003 at 0° C to values at LOGO 2 C 
between 0.0027 and 0.0036, depending upon 
the type of coke produced. The highest 
values were associated with the densest 
cokes. 

Later, Terres and his associates 64 used 
a calorimetric apparatus for the determi- 
nation of the thermal conductivity of ag- 

62 Gilbert, W., Engineer, 150, 500-2, 530-2, 
574-5, 587-9, 617-9, 640-2 (1930). 

63 Kolesnikov, P. T., Podzemnaya Gazifikats- 
iya Uglei, 1935, No. 2, 9-11 (1935). 

64 Terres, E., Tjia, H. A., Herrmann, W., Joh- 
swieh, F., Patscheke, G., Pfeiffer, J., and 
Schwarzmann, H., Angew. Chem., 4S, 17-21 
(1935). 
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gregates of particles of brown coal. For 
four sizes of particles, ranging up to 6 
millimeters, with preheating temperatures 
of 150, 350, and 500’ C, the thermal con- 
ductivities were explored at various ambi- 
ent temperatures. For a preheating tem- 
perature of 500" C the thermal conduc- 
tivities of the several grain sizes were found 
to rise with increasing ambient temperature 
and to be closely similar up to about 
12Q C C. At 20’ C they were about 0.00019, 
and at 12G C C about 0.00025. Above 
120’ C, it was observed that minus 0.75- 
millimeter material gave a consistently 
lower value than 2- to 6-millimeter ma- 
terial, the respective values at 400’ C being 
about 0.00039 and 0.00056. 

These workers used and correlated their 
data with an expression for the effective 
thermal conductivity of an aggregate of 
particles. Their expression states, in the 
words of Mayers, 5 * that *‘the effective ther- 
mal conductivity across any plane is equal 
to the average of the thermal conductiv- 
ities of the air and fuel, weighted in pro- 
portion to the part of the plane covered 
by each, and the equivalent conductivity 
due to black-body radiation across the 
voids.” By means of this equation, to- 
gether with certain simplifying assump- 
tions, Mayers was able to express the ef- 
fective thermal conductivity of a fuel bed 
in terms of the true thermal conductivity 
of the fuel, the volume of voids and the 
temperature in the fuel bed, and the di- 
ameter of the largest particles. The ther- 
mal conductivity of the gas filling the 
voids is absorbed in a different part of his 
analysis and does not appear directly. As 
indicative of the order of magnitude 
yielded by his expression, the effective 
thermal conductivity of a fuel bed of coke 
at a temperature of 1,500° F and contain- 
ing 50 percent void volume, with a fuel 
top size of 1 inch, was estimated to be 


0.00414. Of the effective thermal conduc- 
tivity so computed, the true conductivity 
of the fuel contributes so small a propor- 
tion (about 5 percent) that the effective 
conductivity of the bed is largely inde- 
pendent of the fuel used. 

Theoretical aspects of this general prob- 
lem have also received attention from Fag- 
giani. 65 

Burke, Schumann, and Parry 66 have 
presented evidence -which indicates that 
laws of heat conductance hold for aggre- 
gates of crushed coal similar to those de- 
veloped by Fourier in his classical treat- 
ment of the flow of heat through a homo- 
geneous solid. In their analysis they neg- 
lected, however, the effect of radiation, 
which was later show ? n to be of consider- 
able importance. 58 ' 62 Their experimental 
work involved the subjection of a cylin- 
drical mass of crushed material, initially 
at uniform temperature, to a constant 
higher wail temperature and the explora- 
tion of the temperature-time relationship 
at the axis of the cylinder by means of 
thermocouples. For two dried crushed 
coals and one dried crushed coke, excellent 
agreement was found with the shape of the 
curve as predicted by the Fourier analysis, 
and the results permitted the computation 
of thermal diffusivity, which is a measure 
of the rate at -which a temperature wave 
travels 67 and is equivalent to the ratio of 
thermal conductivity to the product of 
specific heat and density. The thermal 
diffusivity of a 16-mesh Pittsburgh coal 
was 0.0094 square inch per minute in the 
range of 60 to 650° F at atmospheric pres- 
sure. If 0.3 is taken for specific heat and 

65 Faggiani, D., Rend . ist. lombardo sci ., 68, 
523-40 <1935). 

66 Burke, S. P., Schumann, T. E. W„ and 
Parry, V. F., Proc. Am. Gas Assoc., 12, 820-55 
(1930). 

67 Allen, H. S., and Maxwell, R. S., A Text- 
book of Heat, Macmillan & Co., London, 1939 
p. 393. 
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unity for density, the thermal conductivity 
of this particular aggregate may be com- 
puted as 0.00030. For “monolithic” (coked 
and tested in place) coke, the thermal dif- 
fusivity was found to be 0.00367 square 
inch per minute in the range 60 to 
1,000° F. 

The effect of moisture on brown coal is 
to increase the thermal conductivity, ac- 
cording to work by Kegel and Matschak. 68 
Particles about 2 millimeters in top size 
were studied in a circular two-plate appa- 
ratus, and the conductivities for conditions 
of 0, 15, 35, and 50 percent moisture were 
found to be 0.000181, 0.000208, 0.000320, 
and 0.000472, respectively. 

Fritz and Diemke 69 * 70 have found the 
thermal conductivity of 32 coal samples 
(including anthracite) to lie between 
0.000464 and 0.000864 at 30° C. The ob- 
served values seemed to be positively corre- 
lated with density, regardless of the source 
of sample. With increasing test tempera- 
ture, the thermal conductivity of a cannel 
coal rose linearly from 0.000624 at 20° C, 
the rate of rise being of the order of 
0.0000012 for each degree rise. Three coke 
. samples gave widely varying results by the 
same method. An abstract only of this 
reference is available to the present writ- 
ers, and it is not known definitely whether 
the method tests the thermal conductivity 
of the coal substance or of an aggregation 
of coal particles, although the latter ap- 
pears more likely. 

As a concluding paragraph to these re- 
marks on thermal conductivity, attention 
is called to a report on the linear coefficient 
of thermal expansion of anthracite, made 

68 Kegel, K., and Matschak, H., Feuerungs- 
tech 25, 213-7 (1937). 

69 Fritz, W., and Diemke, H., ibid., 27, 129-36 
(1939). 

70 Fritz, W., and Diemke, H., Tech.-wirts. Ber. 
ReichJcohlenkommissars, 1941, No. 2, 19 pp. ; 
Chem. Abs., 35, 4939 (1941). 


by Myer. 53 For this work he prepared 
bars of solid anthracite 3 centimeters 
square and from 16 to 28 centimeters long 
and heated them slowly in a water bath 
over a 25 to 100° C temperature range. 
Observation of change of length was made 
with the aid of a beam of light reflected 
onto a scale by a mirror so arranged as to 
be deflected by expansion of the sample. 
Results on ten samples tvere reported, rang- 
ing from 0.021 X 1CH to 0.049 X 10" 4 cen- 
timeter per centimeter per degree Centi- 
grade. In preparing the samples an at- 
tempt was made, though not always suc- 
cessfully, to cut them with the long axis 
parallel to the coal laminae. In the two 
samples yielding the highest values, the 
laminae were indistinct and irregular. 

Specific Heat 

Specific heat may be defined as relative 
thermal capacity, referred to water at 
15° C, or alternatively as thermal capacity 
per unit mass. The two definitions express 
identically the same thing. 71 Specific heat 
is dimensionless, and units need not be 
assigned; however, the dimensionless units 
calories per gram per degree Centigrade or 
Btu per pound per degree Fahrenheit are 
frequently used. 

As early as 1894, Landolt and Born- 
stein 72 quoted figures of 0.2040 and 0.3145 
for gas-coal. Other early data are given 
by Threlfall, 73 who, incidental to the main 
subject of his investigation on spontaneous 
heating, used the method of mixtures to 
obtain values in the range 0.35 to 0.45. 
He raised 1 or 2 pounds of minus 2-milli- 
meter air-dried coal to 80° C, mixed it 
with a known quantity of water of a lower 

71 See p. 511 of ref. 67. 

72 Landolt, H., and Bornstein, R., PhysikaliscJi - 
chemische FabelUn, Springer, Berlin, 2nd ed., 
1894, p. 129a. 

73 Threlfall, R., J. Soc. Chem . Ind., 28, 759-73 
(1909). 
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tare, and noted the temperature 

rise of the water. 

Perhaps the first extended investigation 
of the subject should be credited to Porter 
and Taylor, 74 who also used the method of 
mixtures after having tried Joule's meth- 
od, which involves the addition by elec- 
trical means of a known quantity of heat 
to an insulated vessel containing a liquid 
and the substance to be tested. Joule's 
method was found to have an appreciably 
lower order of accuracy for coal than the 
method of mixtures. Porter -and Taylor 
used coal sized bet we 0- and 20-mesh , 

heating it to the desired temperature and 
quickly transferring it into a quantity of 
water in a large calorimeter. Good repro- 
ducibility was attainable. A summary of 
certain of their data is presented in Table 
III, in which the effect of temperature on 


metric fluid in their work with moisture- 
free coal, but this fluid was also shown, 
in a later paper, 75 to react exothermically 
with coal. The reaction of water with the 
dried Wyoming coal was observed to gen- 
erate as much as 20 calories per gram in 
one test. The amount of heat so gener- 
ated was studied for various coals at dif- 
ferent total moisture contents. Fairly 
smooth curves were obtained, the generated 
heat approaching zero at what might be 
regarded as inherent moisture. This was 
particularly true of the Illinois coal. 

It may be noted that the authors com- 
puted the specific heat of the water in 
coal 74 > 75 to be of the order of 0.85, which 
they interpreted to indicate that water is 
in part intimately combined with the coal, 
lending support to the colloidal theory of 
coal substance. 

Work on graphite and on coke, by the 


TABLE III 

Observed Specific Heats of Certain Air-Dried Coals 74 


Proximate Analysis Mean Specific Heat for Temperature Ranges of 


source o: 
Sample 

Moisture 

Volatile 

Matter 

Fixed 

Carbon 

A«fc 

2S to 65° C 

25 to 130° C 

25 to 177° C 

25 to 227° C 


percent 

percent 

percent 

percent 





West Virginia 

I.S 

204 

72.4 

5.4 

0.261 

0.288 

0.301 

0.314 

Pennsylvania 

i •-» 

34 . 5 

5S.4 

5.9 

| 0.286 

0.308 

0.320 

0.332 

Illinois 

S.4 

35.0 

48. 2 

84 

: 0.334 * | 




Wyoming 

II. 0 

3-S . 6 

40.2 

10.2 

0.350* | 





* As modified In a later publication. 75 


Porter and Taylor pointed out the im- 
portance of moisture content on specific 
heat. They also called attention to and 
investigated the exothermic reaction of 
water on dry coal. Because of this re- 
action, they used toluene as the ealori- 

74 Porter, H. 0., and Taylor, G. B.. J. 2nd. 
Eng. Chem., 5, 289-93 (1913). 


method of mixtures, was reported by Terres 
and Schaller, 76 who heated a small quan- 
tity of the substance to be tested to a 
predetermined temperature in an electric 

75 Porter, H. C., and Ralston, 0. C., U. S. Bur . 
Mines , Tech. Paper 113 (1916), 30 pp. 

76 Terres, E., and Schaller, A., Gas- u. W asset - 
fach, 65, 761-4, 7S0-4, 800-2, 818-21, 832-3 
(1922). 
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furnace of special design. Provision was 
made for extremely rapid transfer of the 
material to the inner vessel of a water 
calorimeter, and, from the heating curve 
of the water, the mean specific heat was 
computed. Experimental technique was 
worked out with especial care. It was 
found that mean specific heat in the range 
21 to T° C, for any one coke or graphite, 
was well fitted by a cubic equation in T. 
Values for the range 21 to 400° C were 
0.265, 0.259, and 0.253 for, respectively, a 
graphite, a coke containing 15 percent ash, 
and a coke containing 30 percent ash; for 
the range 21 to 1,300° C, the respective 
values were 0.403, 0.383, and 0.363. Fur- 
ther results of this investigation were re- 
ported in 192S. 77 

Deb runner 78 studied five cokes inten- 
sively, following the experimental tech- 
nique developed by Terres and Schaller 76 
and verifying their conclusions. 

In 1922, Briggs 79 presented a few data, 
ranging from 0.20 for an anthracite to 0.33 
for a clarain. The work was done with a 
Bunsen ice calorimeter and freshly ground 
undried coal. Moisture contents were not 
reported. 

The Bunsen ice calorimeter was also 
adopted by Coles 80 for use in his careful 
and systematic investigation, after he had 
surveyed the other possibilities. The Bun- 
sen ice calorimeter utilizes the known 
change in specific volume of water passing 
from the solid to the liquid state at 0° C. 
A measurement of this change in volume 
for a known mass of water permits calcu- 
lation of the quantity of heat absorbed. 

77 Terres, E., and Biederbeek, H., ibid., 71, 
265-8, 297-303, 320-5, 338-45 (1928). 

78 Debrunner, v P., Dissertation, Eidgenossischen 
Technischen Hochschule ( Zurich ), 340 (1923), 
31 pp. 

79 Briggs, H., Trans. Inst. Mining Engrs. Lon- 
don, 64, 227-48 (1922). 

so Coles, G., J. Soc. Ghem . Ind., 42, 435-9T 
(1923). 


Using 8 to 10 grams of minus 60-mesh 
coal, Coles noted a nearly linear variation 
of specific heat with moisture content, 
ranging for the coal reported from 0.252 at 
1.48 percent water to 0.355 at 15.07 per- 
cent water. These and other data per- 
mitted the computation of the specific heat 
of the water content of coal, in all tests 
very close to 1.0. This may be compared 
with Porter and Ralston's value 75 of about 
0.85, obtained by the method of mixtures. 
Further correction for the specific heat of 
“ash,” found to be about 0.16 to 0.17, per- 
mitted the calculation of the specific heat 
of the coal substance. Values ranged from 
0.21 for anthracite to 0.257 for cannel coal 
and were approximately inversely propor- 
tional to the ratio of carbon to hydrogen. 
This relationship may be useful for rapid 
estimates of specific heat. 

In using Kopp’s law for the calculation 
of specific heat from a- knowledge of ele- 
mental constitution, agreement was good 
for fusain and anthracite and fair for bitu- 
minous coals. 

Sinnatt and Macpherson 60 also investi- 
gated the specific heat of dry coals at 
about the same time, using the method of 
mixtures with alcohol as the calorimetric 
liquid. Their results ranged from 0.226 
for a cannel coal to 0.252 for an Arley 
vitrain, in a temperature range of 25 to 
40° C, approximately. 

Gilbert 62 used a value of 0.352, obtained 
by him for an English bituminous coal 
sized between V 2 and Me inch, in his study 
of heat drying. Pieters, 81 following the 
method of mixtures, reported a value of 
0.21 for a foundry coke and 0.28 for two 
low-volatile coals. 

Myer 53 determined the cooling curves of 
twenty anthracites from 100 to 30° C, 
using minus 60-mesh material with as-re- 

81 Pieters, H. A. J., Het Gas, 51. 94-5 (1931). 
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reived moisture content. From known 
thermodynamic properties of the cooling 
curve, the mean specific heat is readily 
obtainable- His twenty samples yielded 
results ranging from 0.195 to 0.324, al- 
though sixteen of the twenty were close to 
and averaged 0.267. No obvious correla- 
tion of specific heat with items of the proxi- 
mate analysis presented itself. Tests of 
several different size fractions of one an- 
thracite gave quite similar results. Indi- 
vidual samples of related materials gave 
the following values: Indiana bituminous 
coal, 0.326; graphite, 0.197; charcoal, 
0.326; coke,' 0.192. 

Torres e4 and his coworkers, utilizing the 
essentials of Joules method, determined 
the specific heats of several brown-coal 
chars to be consistently in the range of 
0.333 to 0.345, although before carboniza- 
tion the specific heats, as observed on a 
chart in their report, were much lower. 

Fritz and Moser *- are reported to have 
conducted a series o: tests on about forty 
German coals, although the method of test 
is: not known. They found mean specific 
heat t'c) in the range 24 to 1G0 5 C to in- 
crease linearly with volatile-matter content 
i Y.Mj according to 

c - 0.242 f I - 0.005 Y.M.) 

where volatile matter is expressed in per- 
centage. They also developed an empirical 
expression relating the mean specific heat 
in the range 24 to T z C (T <250) to T 
and to volatile-matter content. A further 
report with the same title has been made 
by Fritz and Bienike. 70 

Reactions to Yisible Light 

In recent petrographic studies, particu- 
larly those employing polarized light and 
polished coal surfaces, effort has been di- 

S2 Fritz, W. ? and Moser, H.. Feuerungsteeh., 
‘US. 97-107 (1940). 


reeled toward measuring the degree of 
coalification and establishing a rank classi- 
fication based on quantitative physical 
tests. The observed optical phenomena 
have also provided information for specu- 
lation on the nature of the decomposition 
and molecular rearrangement accompany- 
ing change in the rank of coal. 

Index of Reflection. Hoffmann and 
Jenkner 37 > 83 used the Leitz slit micro- 
photometer for measuring the index of re- 
flection of vitrains over a wide range of 
coalification. This instrument consists es- 
sentially of a lamp stand, adjustable in 
height, a second stand with an adjustable 
slit shutter, and a microscope fitted with a 
photometer. A low-voltage lamp, equipped 
to give a diffused source of light, was used. 
The slit could be adjusted to different 
widths and heights and was equipped to 
hold filters. 

The light passing the slit enters the pho- 
tometer attached to the dark-field con- 
denser and is resolved by a glass prism. 
One component beam, passed through a 
polarizer to the microscope, illuminates 
half the field of vision in the eyepiece by 
reflection from the specimen. The other 
component, which is reflected at an angle 
of 90 degrees, is employed for comparative 
purposes, passing through glass filters of 
various densities. An adjustable prism de- 
flects the comparison beam through a right 
angle to pass through the polarizer and the 
analyzer; the beam is then deflected a 
third time through a right angle by the 
photometer cube. The circular field of the 
eyepiece is divided into two semicircular 
sections, one illuminated by the comparison 
beam and the other by reflection from the 
specimen. The intensity of illumination 
from the comparison beam is matched with 
that from the specimen by adjusting the 

S3 Jenkner, A., and Hoffmann, E., Brennstoff- 
Chem., 13, 1S1-7 (1932). 
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analyzer, and when the matching is com- 
plete, the position of the analyzer may be 
noted on a graduated scale. The percent- 
age displacement of the reading on the 
scale from the position of zero intensity 
toward that of maximum intensity is ac- 
cepted as a measure of reflected light and 
has been called the index of reflection. It 
is not to be confused with the reflection 
coefficient, which is the ratio of the light 
reflected from a surface to the total inci- 
dent light . 84 

Table IV gives the indexes of reflection 
measured with this apparatus on polished 
pieces of vitrain from several coals of 
various volatile-matter and ash contents. 
Neglecting ash content and regarding rank 

TABLE IV 


Ash, Volatile Matter, and Index of Re- 
flection of Coals of Different Rank 37 





Volatile 

Index of 

To. 

Colliery 

Ash 

Matter 

Reflection 



percent 

percent 

percent 

1 

Brassert 

3.20 

41.88 

7.1 

2 

Scholler (Kladno) 

2.00 

37.33 

7.3 

3 

Hannover 

2.20 

32.59 

8.4 

4 

Prosper 

1.45 

26.27 

9.0 

5 

Morgensonne 

2.10 

14.29 

10.6 

6 

Gottfried Wilhelm 

5.60 

15.17 

10.7 

7 

Ludwig 

3.60 

9.38 

11.2 

8 

Langenbrahm 

1.07 

8.79 

12.0 

9 

Mar vine (Pennsyl- 





vania) 

3.48 

4.24 

13.0 

0 

Trieben (Steiermark) 

3.51 

3.11 

16.0 


in a qualitative sense as inversely related 
to volatile-matter content, it will be ob- 
served that increase in rank was accom- 
panied by increase in index of reflection 
for these ten coals, with one minor excep- 
tion. 

Similar conclusions were reached by 
Stach , 85 using a microscope with twin ob- 

84 Handbook of Chemistry and Physics, Chemi- 
cal Rubber Co., Cleveland, 23rd ed., 1939, p. 
1900. 

85 Stach, E., Gliickaiif, 68, 1029-32, 1052 

(1932). 


jectives for the simultaneous viewing of 
two specimens. In this apparatus, care 
must be taken that the intensity of illu- 
mination on the two specimens is exactly 
the same. Stach provided himself w r ith 
polished sections of coal of known rank, as 
determined from the fuel ratio, and used 
them for comparison with unknown coals. 
When bituminous coal is to be examined, 
Stach suggested that the comparative ob- 
servations be concentrated on vitrain 
bands, which were held to represent the 
nearest approach to pure and homogeneous 
coal, free from adventitious mineral mat- 
ter. 

Zhemchuzhnikov 80 has also discussed the 
increase of reflective power with increase 
of rank. In the second of these papers, he 
measured the luster of a number ox Prus- 
sian coals with a color analyzer and found 
that the degree of luster was inversely 
related to volatile-matter content, and 
that a luster-volatile matter curve on the 
basis of the observed data was useful for 
estimating the volatile-matter content 
from a luster-strength determination. A 
similar curve was constructed with data on 
coal from Donets coals. 

Simek and Ludmila 87 are reported to 
have made a careful study of several meth- 
ods of measuring reflected light and of the 
influence thereon of such variables on par- 
ticle size, ash content, petrographic analy- 
sis, and chemical treatment. 

Index of Refraction. The index of re- 
fraction of any substance is defined as the 
ratio of the velocity of light in a standard 
medium to the velocity of light in the sub- 
stance. It is also the ratio of the sine of 

se Zhemchuzhnikov, Y. A., Ehim. Tverdogo 
TopHva , 5, 46-52 (1934) ; Inst. Mekhanicheskoi 
ObrabotM Poleznuikh Iskopaemuikh " Mekanobr 
15 yrs. Socialistic Ind. Service , 1, 37-51 (1935) : 
Chem . Abs., 30, 2727 (1936). 

sr Simek, B. G.. and Ludmila. ,T., Hornivku 
Vestnik , IS, 297-301, 324-8, 353-5 (1936)"; 

Chem. Abs., 32, 1427 (1938). 
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the angle of incidence to that of the angle 
of refraction of a beam of light passing 
from a standard medium into the sub- 
stance. The index of refraction of a sub- 
stance varies slightly with the wave length 
of the refracted light and, in anisotropic 
substances, with the direction of the plane 
containing the incident and the refracted 
rat's. For precise work a vacuum is used 
as the standard medium for the incident 
rav, but since the velocity of light in air is 
very little (about 0.03 percent i less than 
that in a vacuum, air is accepted as the 
standard medium in most petrographic 
work. 55 

A number of methods, of varying de- 
grees of accuracy and convenience, are 
available for the determination of the index 
of refraction.'** One of these depends 
upon the fact that the reflected and re- 
fracted components of a ray of light fail- 
ing upon a substance from a standard 
medium are each partially polarized, to an 
extent varying with the angle of incidence. 
That angle of incidence at which polari- 
zation is at a maximum is called the angle 
of polarization, and it may be shown that 
the tangent of the angle of polarization is 
equal to the index of refraction of the 
refracting substance. 00 The two terms 
may thus be used interchangeably, with 
proper regard for their arithmetic rela- 
tionship. as expressions of the same physi- 
cal property. 

McCabe and Quirke &1 measured the 
angle of polarization of polished vit rains 
with a horizontal goniometer and a Leitz 
polarization apparatus. White light com- 

ss Jobaoasen, A.. Manual of Petrographic 
Methods, McGraw-Hill Book Co., Xew York. 2nd 
EcL, mis, p. 54. 

ss Ibid., pp. 237-86. 

go Ibid., p. 58. 

a i McCabe, L. C.. and Quirke, T. T.. Trans. 
Am. Inst. Mining Met. Engrs 130, 445-55 
(1938). Quirke, T. T., and McCabe, L-. C., Bull. 
Geol. Soc. Am., 49, 669-82 (1938). 


ing through the signal slit and falling on 
the polished vitrain surface was almost 
completely polarized by reflection at a defi- 
nite angle for each sample of vitrain, the 
refracted ray being absorbed. With the 
Nieol of the polarization apparatus set at 
right angles to the vibration direction of 
the light from the polished surface, it was 
possible, with relatively few trials, to de- 
termine when the angle of maximum ex- 
tinction — that is, the angle of polarization 
— was reached. The rotating circle of the 
goniometer was so arranged that twice the 
angle of polarization was read directly, to 
an accuracy of about 15 minutes. 

A number of vitrain samples were pol- 
ished on three mutually perpendicular faces 
which made it possible to determine the 
angle of polarization in the different sec- 
tions in which the coalified plant tissue 
was cut. In every instance the angle of 
polarization was identical for each of the 
directions of sectioning. The observations 
O l5 0 2 , and 0 3 , made on one specimen 
from Xo. 6 coal at West Frankfort, 111. 
(Table Y), are typical. Hence, it was as- 
sumed that orientation of the specimen 
with respect to the bedding of the coal 
was unnecessary. 

To test the constancy of the angle of 
polarization throughout a single mine, sev- 
eral vitrain specimens from different parts 
of the mine at Nashville, 111., were exam- 
ined. The first five Nashville - samples 
listed in Table V were collected for this 
purpose. Xa 2 and Xa 2 were from the 
same room, Xb x and Xb 2 were from a 
second room some distance from the first, 
and Ne was from a third room in still 
another part of the mine. The observed 
values of angle of polarization were iden- 
tical. 

A column collected from the Nashville 
mine in 1931 was also available for study. 
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Angles of Polarization, Refractive Indices, and Proximate Analyses of Yitrains and 

Related Substances 55 ’ 91 


Material 

Source 

Sample 

Number 

Angle of 
Polariza- 
tion 

X2 

Index 

of 

Refrac- 
tion * 

Proximate Analysis and 
Sulfur — As-Received Basis 

Calorific Value 

Mois- 

ture 

Ash 

Vola- 

tile 

Mat- 

ter 

Fixed| Total 
Car- i Sul- 
bon | fur 

| 

As Re- 
ceived 

Moist 

Mineral- 

Matter- 

Free 







percent 



l 

Btu per pound 

Pleistocene 












lignitic wood 

Fulton Co., 111. 


117° 00' 

1.632 








Woody lignite 

Hernando, Miss. 

C-1697 

117° 00' 

1.632 

32.1 

3.8 

32.9 

31.2 

0.59 

6,765 

7,048 

Vitrain 

Lafayette, Colo. 

C-1048 

119° 10' 

1.703 

21.7 

2.4 

29.5 

46.4 

0.26 

9,997 

10,265 

Vitrain 

Pershing, Iowa 

C-1779 

119° 30' 

1.715 

18.7 

1.3 

34.4 

45.6 

1.39 

11,359 

11,540 

Vitrain 

Middle Grove, 111. 

C-1703 

119° 45' 

1.723 

16.0 

0.7 

33.6 

49.7 

1.60 

12,075 

12,188 

Vitrain 

Roanoke, 111. 

C-1704 

119° 45' 

1.723 

15.7 

1.2 

33.5 

49.6 

1.19 

12,123 

12,303 

Vitrain 

Nashville, 111. 

Nai 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

Nao 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

Nbi 

| 120° 15' 

1.741 








Vitrain 

Nashville, 111. 

Nb 2 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

Nc 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

N18-2 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

N18-5 

120° 00' 

1.732 








Vitrain 

Nashville, 111. 

NlS-7 

120° 00' 

1.732 








Vitrain 

Nashville, 111. 

N 18-29 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

N 18-47 

120° 00' 

1.732 








Vitrain 

Nashville, 111. 

N18-51 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

N 18-57 

120° 15' 

1.741 








Vitrain 

Nashville, 111. 

N 18-76 

120° 15' 

1.741 








Vitrain 

Bonneville, Ind. 

C-1690 

120° 30' 

1.750 

7.2 

0.7 

41.5 

j 50.6 

S 1 . S3 

13,247 

13,396 

Vitrain 

W. Frankfort, 111. 

Oi 

120° 45' 

1.759 






i 


Vitrain 

W. Frankfort, 111. 

0 2 

120° 45' 

1.759 





i 

i 

i 

Vitrain 

W. Frankfort, 111. 

o 3 

120° 45' 

1.759 






| 


Vitrain 

Harrisburg, 111. 

C-1692 

121° 00' 

1.768 

4.5 

1.6 

34.9 

| 59.0 

1 1.39 

i 13,782 

j 14,063 

Vitrain 

Gibsonia, 111. 

C-1691 

121° 30'- 

1.786 

2.3 

1.7 

40.1 

| 55.9 

! 1.91 

! 14,438 

1 14,769 

Vitrain 

Hartshorne, Okla. 

C-1698 

121° 45' 

1.795 

0.6 

2.2 

! 23.9 

73.3 

j 0.65 

j 15,277 

1 15,680 


* Index of refraction = tangent of the angle of polarization. 


This column had been sawed into 2-centi- 
meter blocks parallel to the bedding from 
the bottom to top of the bed. Numbering 
from 1 at the underclay, there were 85 of 
these 2-centimeter blocks. Eight of these 
(N18-2, -5, -7, -29, -47, -51, -57, and -76, 
Table Y), having good vitrain bands, were 
selected from the column for the determi- 
nation of their refractive indices. In five of 
the blocks, the index of refraction was 


found to be identical with that observed 
on fresh vitrains collected six years later, 
and in three it was lower, but still within 
the error of observation. The general 
similarity of index of refraction of the 
vitrain bands, throughout the coal bed was 
indicated. 

The excellent" correlation of index of re- 
fraction with moist mineral-matter-free 
calorific value is show r n by Fig. 2. 
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Horn 02 and Fisher 93 have also noticed 
that the index of refraction increases with 
rank. A similar conclusion was reached by 
Hummel/' 1 using the immersion method 
with liquids having refractive indices rang' 
ing from 1.571 to 1.72$, in the examination 

82 Horn, G., Norsk G col. This., 10, 490 < 19 a 9) : 
Trans. Am. Inst . Mining Met. Engrs., 130, 433-4 
(1035). 

83 Fisher, D. J M Proc. Geol. Soc. Am,, 3033, 
444-5. 

84 Hummel, K., Z. deni. geol. Ges., S2, 459-97 
« 1930). 


of twenty samples, including peat, lignite, 
eannei, brown coal, and bituminous coal. 
The lowest index of refraction was noted 
for a peat ; the highest for a low-volatile 
coal from the Donets district. No analyti- 
cal data were reported. 

Anisotropism . Distinct anisotropic ef- 
fects under polarized light have been 
noted, 37 ’ GS increasing in prominence 
roughly with increasing rank. The anisot- 
ropism of anthracite approaches that of 
graphite and is particularly evident in the 



Fig. 2. Relationship of moist, mineral-matter-free calorific value to index of refraction of selected 
vitraics.® 3 
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gellike substance of the coal. 95 * 96 The 
fusainized substance 95 and fusain from bi- 
tuminous coal 37 exhibit no appreciable 
anisotropy. 

Examination by X-Radiation 

X-rays have been found to be useful in 
the endeavor to extend the knowledge of 
the mode of origin and the structural 
characteristics of coal. The uses of X-rays 
may be grouped into the two broad cate- 
gories of absorption and diffraction meth- 
ods. 

X-Ray Absorption . X-ray absorption 
methods, or radiography, depend upon the 
fact that a beam of X-rays impinging upon 
a substance is differentially absorbed in a 
manner related to the atomic numbers of 
the elements encountered. For a given 
wave length of X-radiation, the mass ab- 
sorption coefficient — that is, the fractional 
decrease in intensity for a beam of unit 
cross section per unit mass of material — is 
far greater for an absorbing substance of 
high atomic number than for one of low 
atomic number. A number of empirical 
expressions relating these variables have 
been developed, with varying degrees of 
theoretical adequacy but without complete 
satisfaction. 97 It is evident that the pure 
coal substance, composed of elements of 
relatively low atomic numbers, is far more 
easily penetrated than any mineral matter 
commonly found in it. After a beam of 
X-rays has passed through a substance to 
be examined, its point-to-point intensity 
may be analyzed in one of several ways. 

The first radiographic examinations of 
coal w r ere made at the Mines Hospital near 

95 Sarbeeva, L. 1., Khim. Tverdogo Topliva, 7 , 
455—66 (1936). 

98 Zhemchuzhnikov, Y. A., ibid., 7, 467-8 
(1936). 

97 Compton, A. H., and Allison, S. K., X-rays 
in Theory and Experiment , D. Van Nostrand Co., 
New York, 1935, pp. 533-55. 


Saarbriicken in 1897, only two years after 
the discovery of what are now known as 
X-rays was announced by Rontgen. In 
succeeding years the possibility of radio- 
graphic methods received only occasional 
attention 9S ' 99 until it attracted the inter- 
est of an English worker, C. Norman 
Kemp, who enthusiastically advanced the 
technique of radiography and contrib- 
uted numerous articles to the litera- 
ture, 100 * 101 » 102 > 10S * 104 » 105 reviewing early 
work and presenting original investigations. 

A valuable survey of the uses to which 
X-radiation may be put in the study of 
coal, touching on both radiography and 
X-ray diffraction methods, was also given 
by St. John. 106 

Fluorescent screens may be used to reg- 
ister the partially absorbed X-ray beam 
after it has passed through the substance 
under examination. Such screen images of 
coal specimens permit a rapid qualitative 
study of the coal while the specimen is be- 
ing manipulated. 104 This technique is an 
adaptation of one widely used in diagnos- 

98 Couriot, EL, Bull. soc. ind. minirale , 12, 
713-26 (189S). Daniel, J., Ann. mines Belg 4, 
3-16 (1899). Garrett, F. C., and Burton, E. C., 
Trans. Inst. Mining Engrs. London, 43, 295—303 
(1912). Iwasaki, C., Tech. Repts. Tdholsu Imp. 
Univ ., 1, 101-35 (1920), 2, 235-75 (1921), 4, 
159-61 (1924). 

99 Briggs, H., Proc. S. Wales Inst. Engrs., 39, 
403-65 (1923). 

100 Kemp, C. N., Trans. Inst. Mining Engrs. 
London , 67, 59-83 (1924). 

101 Kemp, C. N., J. Soc. Chem. Ind., 43, 234— 
5T (1924). 

102 McLaren, W., Kemp, C. N., and Thomson, 
J. L., Trans . Inst. Mining Engrs. London 69, 
315-38 (1925). 

103 Kemp, C. N., Proc. S. Wales Inst Engrs., 
42, 411-37 (1926) ; J. Roy. Soc. Arts, 7&, 7 14-36 
(1929). 

104 Kemp, C. N., Proc . Roy. Soc. Edinburgh, 
48, 167-79 (1928). 

105 Kemp, C. N., Trans. Inst. Mining Engrs. 
London, 77, 175-85 (1929). 

106 St. John, A., Trans. Am. Inst. Mining Met. 
Engrs., 74, 640-53 (1926) ; Coal Age, 30, 564-8 
(1926). 
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tic medicine, but It has been little applied 
to the study of coal. 

A more satisfactory method is to register 
the X-rays on photographic film. Kemp 
cut sections of coal % inch in thickness 
normal to the bedding and prepared radio- 



F Hi. S. Radiographs of halves of block of 
coal. ; 0 s 


graphs by placing the face of the section in 
contact with the paper wrapping of the 
film. The rays were made to fall normal 
to the surface of the coal and after passing 
through were registered on the film (Fig. 
3). Turner and Anderson 107 used the 
same procedure in their studies of anthra- 
cite, but in order that the mineral distri- 

107 Tamer, H. G., and Anderson, H. V., Ind. 
Eng. Chem., Ind. Ed., 23, 811-5 (1931) ; Fuel , 
U, 262-3 (1932). 


bution would be revealed more clearly, the 
sections were reduced to 1 millimeter in 
thickness. 

As the X-ray photograph gives a denser 
positive image for refuse than for coal, it 
has been used in the laboratory to judge 
the effectiveness of the jigging opera- 
tion. 102 * 103 > 108 The relative proportions 
by volume of coal and refuse may be deter- 
mined from the photograph, and, with the 
assumption of appropriate densities for coal 
and- for refuse, the distribution according 
to weight can be estimated. Only in spe- 
cial cases does this method appear to have 
advantage over float-and-sink tests. 109 

Some study has been given to coal-shale 
mixtures of varying known proportions to 
learn whether or not the relative amounts 
could be determined quantitatively by 
measuring the variations in intensity of a 
constant pencil of X-rays after passing 
through the samples. Variations in inten- 
sity of the emergent rays may be measured 
by directing the rays on a charged gold-leaf 
electroscope in a suitable metal chamber, 
and noting the rate of discharge of the leaf 
due to ionization of the air. 100 * 110 Kemp 
also experimented with comparison-type 
density meters to compare the opacity of 
photographic negatives with appropriate 
standards, but he had best success using 
microphotometric methods to measure vari- 
ations of intensity on the photographic 
film, 103 

Winter 110 concluded that, if accurate 
quantitative determination is required, it is 
necessary to take into account the chemi- 
cal composition of the ash. These inves- 
tigators recommended the use of X-ray 

ios Mitchell, D. R., TJniv. Illinois Eng. Exp. 
Eta., Bull. 258 (1933), 44 pp. 

ios Chapman, W. R., and Mott, R. A., The 
Cleaning of Coal, Chapman and Hall, London, 
192S, p. 49. 

no Winter, H., Gliickauf, 67, 1105-11 (1931). 
Robertson, J. K., Radiology Physics, D. Van 
Nostrand Co., New York, 1941, p. 96. 
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absorption methods for rapid determina- 
tion of the efficiency of coke- and coal- 
cleaning processes. 

It should be noted that the minerals as- 
sociated with the coal are not all equally 
impervious to radiation. Pyrite and eal- 
cite are more opaque than kaolinite and 
quartz, but the random orientation of the 
minerals makes difficult any attempt to de- 
termine ash accurately from a survey of 
the film. Whereas the coal substance is 
comparatively translucent, durain appears 
more opaque than its ash content war- 
rants. 104 It may be concluded that the 
ordinary radiograph is most useful in the 
examination of the disposition of mineral 
matter in the coal lump and in obtaining 
evidence of the mode of deposition of ad- 
ventitious mineral matter. 99 ’ 111 

From radiographs of slices of coal soaked 
in aqueous solutions of lead salts, Beech- 
ing 112 studied the nature of the porosity 
in several types of coal. Under the condi- 
tions of the experiment, dull coals were 
penetrated by the solutions, but bright 
coals were not. Fusain was usually more 
porous than durain. The greatest observed 
penetration of the lead solution was in a 
durain of high ash content. Calculations 
based on the rate of diffusion of the solu- 
tion through Scottish splint indicated a 
mean diameter of capillaries of the order 
of 50 microns. Generally similar results 
were reported by Sinnatt, 113 except that 
he would judge 50 microns to be approxi- 
mately the upper limit of capillary diame- 
ter. It should be noted that further work 
by Sinnatt in the sorption of water vapor 
by coal gave results consistent with the hy- 

111 Briggs, H., Trans . Inst. Mining Engrs. Lon- 
don , 77, 5-10 (1929) ; Colliery Guardian, 138, 
638-40 (1929). Forrester, C., J. Inst. Fuel , 9, 
30-58 (1935). 

112 Beeching, R., ibid., 11* 240—2 (1938), 12, 
35-9 (1938). 

113 Sinnatt, F. S., Fuel, 19 , 5—7, 38-42 (1940). 


pothesis of a gel permeated with capillaries 
of the order of 2 to 4 microns in diameter. 

By means of stereoradiography, speci- 
mens may be viewed or photographed in a 
stereoscopic relief and structural features 
may be studied in detail, in their true three- 
dimensional relationship. 104 The appear- 
ance of a block of coal becomes something 
like that of a dirty block of ice, 101 and the 
relative size, position, and nature of all 
mineral inclusions are brought into promi- 
nence. This technique has also been used 
in a study of the distribution of impurities 
in commercial coal of small size. 102 Wil- 
son 114 has described the procedure in de- 
tail and has discussed the use of stereora- 
diographs to indicate the probable manner 
of fracture of coal due to subsequent me- 
chanical handling. 

X-Ray Diffraction. X-ray diffraction 
methods depend upon the fact that when a 
beam of collimated X-rays is allowed to 
penetrate a substance, under proper condi- 
tions, the beam is differentially diffracted 
in a manner characteristic of the substance. 
The diffracted beam may be registered on a 
photographic film placed a known distance 
and in a known manner from the substance. 
As is well known, the diffraction pattern of 
a single crystal so obtained is a number of 
“Laue spots,'' that of a randomly oriented 
aggregate of small crystal grains is a series 
of uniform concentric rings of characteris- 
tic intensity, and that of amorphous or 
colloidal substances is a series of broad dif- 
fuse halos. Preferred orientation of grains, 
molecules, or aggregations of atoms is indi- 
cated by maxima of intensity on the con- 
centric halos. 

Yon Laue and the Braggs had first de- 
veloped diffraction methods for use only 
with individual crystals of appreciable size, 

114 Wilson, A. N., J. Inst. Fuel, 3, 218—24, 
342-6, 433 (1930), 4, 64-5 (1930). 
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until Debye and Scherrer and Hull, 115 in- 
dependently and practically concurrently, 
introduced the essentials of the "powder” 
method, which permits the analysis of 
aggregates of suhmieroscopic crystals or 
groups of atoms. This method involves a 
narrow beam of monochromatic X-rays 
passed through a disordered mass of small 
particles of the substance under investiga- 
tion. Disorder is essential, for the theo- 
retical development of the method assumes 
perfect randomness of orientation. It is 
usually attained by fine pulverization and 
continuous rotation of the sample, which 
may be conveniently handled in capillary 
glass * tubing. When considerable diffrac- 
tion of the X-ray beam is anticipated, the 
photographic film is usually placed in the 
arc of a circle around the sample in order 
to use a minimum of film. The relative in- 
tensity and position of the halos and rings, 
when properly corrected and analyzed, per- 
mit an interpretation of the mean size of 
the ultimate panicles or "crystallites” and 
of the atomic structure, as has been rigor- 
ously shown by von Laue. :ie The theory 
underlying size determination from the 
broadening of the rings has been critically 
examined by Cameron and Patterson and 
by Jones. 117 Jones suggested the admix- 
ture of a known crystalline substance in 
the form of large (> 1 micron) particles 
to the unknown substance as an experimen- 
tal refinement. 

In coal, however, the state of disorder of 
the crystallites is high, and the size of the 
crystallites is so small that there is only a 
comparatively slight amount of difraction 

ns Debye, P„ and Scherrer, P., Physik. Z., 
17, 277-83 (1916). Hull A. W., Phys. Re iv, 10, 
061-96 (1917). 

lie Ton Lane, M.. Z. Krist 64, 115-42 (1926). 

in Cameron, G. 3EL, and Patterson, A. L., Sym- 
posium on Radiography and X-ray Diffraction 
Methods, Am. See. Testing Materials, 1936, pp. 
324—38. Jones, F. W., Proc. Roy. Soc. London, 
160 A, 16-43 (1938). 


under any conditions. Hence, coal is com- 
monly studied without pulverization or ro- 
tation, and a flat photographic plate is ade- 
quate to intercept the diffracted rays. 

Mahadevan llS » 119 was one of the first 
users of X-ray diffraction methods in the 
study of coal, working on both vitrain and 
durain sections and on solvent extracts. 
His samples of vitrain, wfliich he regarded 
as of homogeneous composition and struc- 
ture, exhibited two diffuse halos which cor- 
respond to the most prominent rings of 
graphitic carbon. These have also been 
noted by McCabe (Fig. 4). 55 The posi- 
tions of the two halos indicate diffracting 
particles of colloidal dimensions but no evi- 
dence of “free carbon.” 

Mahadevan gave particular attention to 
the scattering between the two halos, the 
intensity of -which appeared to be related 
to the sum of moisture content and vola- 
tile-matter content for the vitrains ob- 
served. This suggested further -work on 
dehydrating and devolatilizing the vitrains, 
which then yielded diffraction patterns 
with nearly clear interspaces. He inter- 
preted this as indicating a stable residual 
carbon resembling graphite in molecular 
form, in intimate association with volatile 
matter and moisture, and involving a six- 
carbon ring of the w 7 ell-known graphite 
type, each carbon atom being attached to 
another carbon atom. More recent investi- 
gations by Sedletskix 120 bear out this con- 
clusion. Furthermore, the constancy of size 
of the diffracting particles, as indicated by 
the position of the halos, for vitrains of dif- 
ferent moisture contents suggested that the 

ns Mahadevan, C., Indian J. Phys., 4, 79-98 
(1929) ; Fuel, 8 , 462-9 (1929). 

H9 Mahadevan, C., Indian J . Phys 4, 457-66 
(1930), 5, 525-41 (1930); Fuel , 9, 574-80 
(1930), 14, 231-42 (1935) ; Quart . J. Geol Min- 
ing Met. Soc . India, 7, No. 1, 1-24 (19.35). 

120 Sedletskil, I. D., Soviet Geol., 9 (6), 48-63 
(1939) ; KJiim. Referat. Zhur., 1939, No. 10, 
96-7; Chem. Abe., 34, 6793 (1940). 
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presence of water is intermicellar rather 
than intermolecular. 118 

Mahadevan noted that the superposition 
of ‘'•'ash” and graphite halos on a vitrain 
pattern gave a durain pattern, which ap- 
peared to be in accordance with the conclu- 
sions of Fermor 13 on the nature of durain 
as reached by quite a different approach. 

Distinct evidence has been presented by 
Turner and Anderson 107 indicating the 
similarity of the anthraxylon of anthracite 
to graphitic carbon in many but not all 
cases. These investigators obtained diffrac- 
tion patterns very similar to those of cellu- 
lose. Calculations indicated that the num- 
ber of carbon atoms making up the an- 
thraxylon “particle” is about forty-eight. 
The examination of attritus from anthra- 
cite revealed no such fiber structure as was 
observed in anthraxylon except where the 
attritus contained many thin layers of an- 
thraxylon. Sharp Debye-Scherrer rings, 
attributable to mineral matter, were evi- 
dent in the attritus pattern. 

Corriez, 121 in examining “peranthracites” 
and “true” anthracites as designated by 
Lebeau, 122 confirmed the similarity of the 
anthracite structure to the graphite lat- 
tice, concluding that the mean distance be- 
tween the lattices of both types of anthra- 
cite is of the order of 3.6 angstrom units, 
or 3.6 X 10~ 8 centimeters, with a small. but 
constant number of such lattices making 
up the crystallite. In lateral development, 
however, the types differed considerably, 
per anthracite possessing the larger size. 
Further work on the examination of low-ash 
bright coals has been done by Schoon, 123 
using a microphotometer for the critical 
examination of the diffraction patterns, in 

121 Corriez, P., Compt. rend 199, 410-2 

(1934). 

122 Lebeau, P., ibid ,, 197, 1234-6 (1933). 

123 Sehoon, T., Angeto. Ghem tJt 51, 608-12 
(1938). 


the manner suggested by Hofmann and 
Wilm. 124 

Krishnamurti’s 125 studies of amorphous 
carbon suggest that the average crystallite 



Fig. 4. X-ray diffraction patterns of (a) a 
lignite from Hernando, Miss.; (b) a yitrain from 
Harrisburg, 111. ; and (c) a graphite. 35 


of this material resembles a somewhat dis- 
torted graphite lattice, about 3.83 angstrom 
units perpendicular to the layered lattices 
and about 177 square angstrom units in 

124 Hofmann. U., and Wilm, D., Z. Elektro- 
cliem., 42, 504-22 (1936). 

125 Krishnamurti, P., Indian J. Phys., 5, 473- 
88 (1930),.. 
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cross section parallel to the lattices, and 
contains about 60 carbon atoms. 

In an important contribution Blayden, 
Riley, and Taylor 12C reported the dimen- 
sions of the graphite crystallites in cokes 
prepared under different conditions over 
the range 400 to 1,300* C, using finely pul- 
verized material under conditions of very 
close experimental control and analyzing 
the patterns mierophotometrically. In the 
coked product of the cellulose and the 
Northumberland coal they examined, car- 
bon crystallites of graphitic type were evi- 
denced, of a size for the coal of about 14 
angstrom units perpendicular to the hex- 
agonal planes and containing five such 
planes, and of 12 to 22 angstrom units 
parallel to the planes. The latter dimen- 
sion varied markedly and regularly with 
the temperature at which the coal was car- 
bonized. 

Riley, 127 summarizing the diffraction 
method as applied to coal, has presented 

i-fi Rlayden, H. E.. Riley. H. L., and Taylor, 
A., »/. Chan. Soc„ 1039, 67-75. 

12 : Riley, H. L„ Trans. Inst. Mining Engrs. 
London, 05, 45-01 t 192S ». 


evidence to indicate that there are certain 
characteristics common to both coalifica- 
tion and carbonization, including the for- 
mation of small similar units of colloidal 
dimensions, consisting of large flat mole- 
cules arranged in a layered lattice. These 
units or crystallites are similar to graphite 
crystallites observed in certain forms of 
carbon, and it thus becomes important to 
have a clear picture of the graphite carbon 
lattice, in order that the advancement of 
knowledge may spread soundly from the 
known to the unknown. X-ray analysis 
shows that the graphite carbon lattice 
ideally consists of carbon atoms “arranged 
in flat planes and situated at the corners of 
regular vicinal hexagons. In the hexagon 
planes, the carbon atoms are each con- 
nected to three others by nonpolar valency 
bonds and are 1.42 A units apart. The 
hexagon planes, which form a layered lat- 
tice, are 3.40 A units apart and are held 
together by the metallic valencies winch 
give graphite its electrical conductivity.” 128 

12 s Riley, H. L., J. Inst. Fuel f XO, 149-56, 275- 
S2 (1937). 
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CHEMICAL CONSTITUTION OF COAL: AS DETERMINED BY 
HALOGENATION REACTIONS 

J. F. Weiler 

Goal Research Laboratory •, Carnegie Institute of Technology 


Deductions as to the chemical constitu- 
tion of coal based on its reactions with 
halogens were made as early as 1881 when 
Bevan and Cross 1 reported that a cannel 
coal on treatment with aqueous chlorine so- 
lution was converted into a brown product 
which dissolved without residue in aqueous 
potassium hydroxide to a deep brown solu- 
tion from which the product could be 
thrown out as a flocculent precipitate by 
neutralization with mineral acid. The 
product was similar to that obtained from 
lignified fibers and from cellulose sulfuric 
acid char by the action of aqueous chlo- 
rine solution, and the authors held it prob- 
able that “cellulose, lignin, peat, lignite, 
cannel' coal, and anthracite are terms of a 
vast series of compounds differentiated un- 
der natural conditions.” These same au- 
thors 2 also reported that treatment with 
dilute, hydrochloric acid and potassium 
chlorate rendered the coal completely solu- 
ble in alkalies. They also found that the 
reducing action of all pseudo-carbons (pre- 
sumably including coal) on sulfuric acid to 
produce sulfurous acid was inversely as the 
percentage of carbon and was completely 
absent from the pseudo-carbons after ig- 

1 Bevan, E. J., and Cross, C. F., Chem. News, 
44, 185-6 (1881). 

2 Cross, C. F., and Bevan, E. J., Phil. Mag., 
179 , 328-9 (1882). 


nition in chlorine. Smythe 3 studied the 
products from the treatment of coal with 
dilute hydrochloric acid and potassium 
chlorate. An English bituminous coal and 
a German brown coal were rendered almost 
completely soluble in acetone by prolonged 
boiling in the reagent. The acetone-soluble 
product from the brown coal contained 
22.93 percent chlorine. Less prolonged 
treatment of the bituminous coal gave a 
product which was soluble in acetone to 
the extent of 35 percent. Fractionation of 
the acetone-soluble material by means of 
benzene and alcohol extractions gave frac- 
tions, the compositions of which corre- 
sponded to empirical formulas as follows: 
benzene-soluble, C S0 H 

22 C1 S 0 10 ; benzene- 
insoluble, alcohol-soluble, C 24 H 1S C1 4 0 9 ; 
and benzene-insoluble, alcohol-insoluble, 
C 22 H 14 C1 3 0 5 and C 25 H2 oC 1 3 O s . The com- 
positions of these products indicate that 
the reaction is predominantly oxidation. 
The considerable work on the oxidizing ac- 
tion of hypohalites on coal is not included 
in the scope of this section. 

In 1899, Ferd. Fischer 4 cited some pre- 
viously unpublished work of A. Stahl- 
schmidt in which dry pulverized coal was 

3 Smythe, J. A., Brit. Assoc. Advancement Sci. 
Rept 1896, 343-6. 

4 Fischer, Ferd., Z. angeic. Chem., 12, 790 
(1899). 



CHEMICAL CONSTITUTION OF COAL 


33S 

reacted with dry bromine. After washing 
with alcohol and drying at 100 to 110° C 
the product contained 45 .5 percent bro- 
mine. On the basis of analysis, it was con- 
cluded that most of the bromine had re- 
acted by addition, only a small amount of 
hydrogen having been displaced. Boiling 
the product with sodium carbonate solution 
removed 0.7 percent of the bromine: am- 
monia solution removed 7.3 percent, and 
potassium hydroxide solution, 42 percent, 
respectively. Upon heating the product in 
a stream of carbon dioxide, evolution of 
hydrogen bromide began at 200° C; at 360 c , 
13 to 21 percent of the bromine was 
driven off. according to the time of heat- 
ing, whereas all bromine was driven off at 
red heat. 

Hilpert, Keller, and Lepsius D treated bi- 
tuminous coal with bromine in the cold, on 
the water bath under reflux, in sealed tubes, 
and in acetic acid solution. In every in- 
stance the reaction product resembled the 
original coal in appearance, but gave off 
large amounts of hydrogen bromide on 
heating and yielded a noncaking residue. 

Ferd. Fischer 6 found that the oxidation 
of pyrite by bromine could not account for 
all bromine absorbed and concluded that 
coals contain varying quantities of unsatu- 
rated compounds, which add bromine, and 
compounds in which bromine substitutes 
for hydrogen. Iodine in alcohol reacted 
slowly with coal; chlorine in water reacted 
vigorously. Coal oxidized in air at 120- 
15CF showed decreased ability to react with 
bromine, and coals that took up oxygen 
rapidly and tended toward spontaneous ig- 
nition also took up bromine readily. 

Dennstedr and Biinz 7 confirmed the oh- 

5 Hilpert S., Keller, K., and Lepsius, R., Ges 
Abhandl. Kenninis Kohle, X, 25 (1917). 

6 Fischer, Ferd., Z. angew. Chem., 12, 7(54-7, 
7S9-90 (1899). 

: Dennstedt, M., and Biinz, R., ibid., 21, 


servations of Ferd. Fischer in an investiga- 
tion of the halogen absorption by coals of 
varying tendency toward spontaneous ig- 
nition in both the original and oxidized 
states. In Table I the coals are arranged 
in the order of increasing tendency to ig- 
nite spontaneously when heated in a stream 
of oxygen, the coal at the top of the list 
showing the least tendency to ignite. 

TABLE I 

Halogen Absorption of Some Coals with 
Different Tendencies toward Spontane- 
ous Combustion, before and after Heating 
in a Stream of Oxygen 7 

Milliequivalents of 


Description of Coal 

Oxygen 

Content 

Halogen Consumed 
per Gram of Coal * 

English bunker coal 

4.02 

1.19 

oxidized 

8.20 

0.44 

Westphalian bunker coal 

2.62 

1.62f 

oxidized 

15.17 

0.83f 

Durham steam coal 

4.56 

2.77 

oxidized 

18.99 

1.43 

Westphalian coal which ig- 
nited after 14 days in 
the bunkers of a ship 

6.32 

1.92 

oxidized 

19.10 

1.17 

English domestic coal 

11.16 

4.08 

oxidized 

21.41 

1 . 55 

Scottish steam coal 

S.88 

4.67 

oxidized 

21.23 

1.77 


* Determined by treating 1 gram of fine coal 
with 50 cubic centimeters of Hiibl’s reagent for 
24 hours. Solution then made up to 100 cubic 
centimeters with 10 percent potassium iodide so- 
lution and a clear 50 cubic centimeter aliquot 
titrated. 

t These values are transposed in the original 
reference. The author takes the responsibility 
of assuming a typographical error because of the 
consistency of other properties such as the 
Maumen6 number. 

Other investigators have reported some 
results which are contradictory to those of 
Fischer and of Dennstedt and Biinz indi- 
cating that there are properties of coal af- 
fecting its tendency to ignite spontaneously, 
uf which halogen absorption is not a cri- 
terion. 
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Niibling and Wanner 8 reported data on 
the bromine absorption and temperature of 
“ignition” of three coals and their pyridine 
extracts and residues (Table II), The 
Yorkshire and Ruhr coals were described 
as prone to spontaneous combustion, the 
Saar “Heinetz” coal as completely free 

TABLE II 


Bromine Absorptions and Temperatures of 
Ignition of Several Coals and Their Pyri- 
dine Extracts and Residues 8 


Coal or Fraction 

Milliequivalents 
of Bromine 
Absorbed per Gram 

Temperature 

thereof 

of Substance 

of “Ignition" 

Yorkshire coal 

1.5 

°C 

138 

Pyridine extract 

0 

146 

Pyridine residue 

3.25 (0.75?) * 

173 

Ruhr coal 

1.75 

152 

Pyridine extract 

0 

146 

Pyridine residue 

4.75 

187 

Saar “Heinetz” coal 

2.5 

165-182 

Pyridine extract 

0 


Pyridine residue 

6.50 

172 


* These data were given at two points in the 
paper ; once as 3.25 and once as 0.75. It was 
stated, however, that the pyridine residues showed 
greater bromine absorption than the original 
coals. 

from the danger of self-ignition. The Saar 
“Heinetz” coal had the higher bromine ab- 
sorption and higher ignition temperature. 
The pyridine extracts showed no bromine 
absorption whatever yet had ignition tem- 
peratures lower than the residues. 

Hinden 9 in reporting on observations of 
weathering in coal storage piles distinguished 
between coals not prone to oxidation, those 
undergoing oxidation without rise in tem- 
perature, and those given to spontaneous 
combustion. Five coals of the first type 
and one each of the other two types were 
characterized both by the amount of per- 

8 Niibling, R„ and Wanner, H., J. Gashe- 
leucht 58, 515-8 (1915). 

9 Hinden, F., Schweiz. Ver. Gas- u. Wasser- 
fach Monats-Bull . 4, 417-23 (1924). 


manganate and by the amount of bromine 
reacting with the coal under given condi- 
tions (Table III). A finely ground 0.1- 
gram sample of coal was suspended in a 
solution of 10 cubic centimeters of concen- 
trated sulfuric acid in 100 cubic centimeters 
of 0.1 N potassium permanganate at 70° C 
for 5 minutes, after which time the reaction 
was stopped by the addition of 100 cubic 
centimeters of 0.1 N oxalic acid solution and 
the excess oxalic acid titrated after filtering 
off the suspended coal. The reaction with 
bromine was measured by suspending 0.25 
gram of finely ground coal in a solution of 
100 cubic centimeters of 6 percent potas- 
sium bromide, 100 cubic centimeters of 
0.01 N potassium bromate, and 20 cubic 
centimeters of dilute (1 : 1) sulfuric acid 
for 1.5 hours in a stoppered bottle shaken 
by a machine. The reaction was stopped 
by the addition of potassium iodide and ex- 
cess reagent titrated after filtering off the 
suspended coal. The low bromine absorp- 
tion of the samples from the coal which 
was found to have ignited spontaneously as 
compared to the bromine absorption of the 
five normal coals need not, however, be 
considered an exception to the findings of 
Dennstedt and Biinz. Hinden pointed out 
that there was no way of establishing 
whether the bromine absorption of the 
freshly mined coal was low or whether the 
low value was the result of absorption of 
atmospheric oxygen during the storage pe- 
riod. In the American coal whose bromine 
absorption after 4 years of storage still 
equaled that of the normal coals, the ab- 
sorption for freshly mined coal should be 
considerably higher. Hinden’s data show 
a parallel between halogen absorption and 
ability to react with oxidizing agents. Not 
much significance can be attached to this 
correlation because an aqueous halogen so- 
lution such as was used is an oxidation re- 
agent. The markedly increased halogen 
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Reaction of Permanganate and of Bromine with Coals Showing 
Different Weathering Properties 9 

Milliequivalents of Reagent 
Reacting per Gram of Coal 
(Ash-Free Basis) 
Perman- 


Description of Coal 

Coals showing normal resistance to 
weathering: 

Ash 

percent 

Sulfur 

percent 

ganat 

Bromine 

Fairmont 

9.4 

0.85 

50.8 

17.0 

Holmside 

7.6 

1.54 

50.1 

16.8 

Saar-Stuck (a) 

5.1 


48.9 

16.2 

Saar-Stuck (6) 

4.9 

1.56 

49.0 

15.6 

Saar-Nuss 

American coal severely oxidized as the 
result of 4 years of storage without notice- 
able rise in temperature: 

a. Sample taken at 1 meter depth (no 

3.9 

0.70 

47.1 

16.0 

visible evidence of oxidation; 

•. o; Highly oxidized sample from surface 

7.6 

1.S9 

46.0 

16.8 

of the pile 

English coal which ignited after 9 months’ 
storage: 

a. Sample .bright surface) from cold 

35.0 

2.57 

64.4 

19.4 

part of pile 

h Sample dull surface) from cold part 

7.S 

2.04 

23.3 

12.5 

of pile 

4.4 

1.14 

35.7 

9.2 

c Sample from hot . 253 ' C part of pile 

29.0 

2.37 

37.9 

17.4 


absorption shown by a coal which had un- these determinations depended more on 

dergone severe atmospheric oxidation over the reagents and conditions used than on 

that shown by the coal after limited atmos- the types of coals studied. However, for a 

pheric oxidation only is in contrast with given technique, the estimated unsaturation 

the higher halogen absorption of freshly or iodine number increased in general as 

mined coal as compared to its absorption - the rank of the coal decreased. In Table IY 

after limited atmospheric oxidation. This are assembled the results of the various in- 
is probably due to the oxidizing nature of vestigators; their techniques are described 

the halogenation reagent, the reaction being here briefly. Stahlschmidt 4 determined the 

one of oxidation of products of a far-reach- bromine content of the coal after reaction 

ing degradation of the original coal. with anhydous bromine. Fischer 6 added 

Much of the published work relating to successive increments of 0.5 A 7 potassium 

the reaction of coal with the halogens is bromate solution to a suspension of coal in 
devoted to the determination of the iodine dilute hydrochloric acid until an excess of 

number of various coals. The results of bromine persisted. Dennstedt and Biinz 7 
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TABLE IV 

Published Values for the Unsaturation of Coal 







Milliequivalents of Halogen 

Ref. Reagent 

Temp. 

Time 

Description of Coal 

Consumed per Gram of Coal * 

4 

Bromine (no solvent) 


0 

Bituminous 

10.4 

6 

Dilute HC1 and N/2 KBrO s 

Room 

0 hr 

Bituminous (4 varieties) 

10 to 12.5 





Semibituminous (3 varieties) 

9 





Anthracite 

6 

7 

Io + HgCl 2 in alcohol 

Room 

24 hr 

Bituminous (3 varieties) 

2.8 to 4.7 





Semibituminous (3 varieties) 

1.2 to 1.9 

8 

Bromine in chloroform 

Room 


Bituminous (2 varieties; 

1.5 to 1.7 





Cannel 

2.5 

9 

Dilute H 2 SO 4 and 






N / 100 KBrOs 

Room 

l^hr 

Bituminous (6 varieties) 

9.2 to 17.0 

10 

I 2 + HgCl 2 in alcohol 

Room 

2Hhr 

Bituminous 

2.02 

11 

I 2 + HgCl 2 in alcohol + 

Room 

2y 2 hr 

Bituminous (4 varieties) 

1.9 to 2.5 


chloroform 



Semibituminous 

1.6 

12 

iV/10 iodine in KI solution 

Room 

24 hr 

Components of banded coal: 







Permanent Temporary 





Vi train 

1.80 S.4 





Clarain 

1.86 8.2 





Durain 

1.40 7.0 





Fusain 

0.34 0.17 


IC1 in glacial acetic acid 

Room 

6 hr 

Vitrain 

5.35 1.46 





Clarain 

4. 98 1.64 





Durain 

4.05 1.34 





Fusain 

0.34 0.58 






By addition By substitution 

13 

Bromine in CCI 4 

76° C 

20 min 

Bituminous 

1.01 0.70 





Casseler Brown 

0.S7 0.65 

14 

IC1 in glacial acetic acid 

Room 

15 days 

Bituminous (9 varieties of 

9.7 to 12.6 





Russian) 






Semibituminous 

9.0 





Anthracite 

1.2 

15 

Br in CCI 4 

0°C 


Bituminous 

0.0 

* 2,000 milliequivalents of halogen consumed represent one double bond : 

that is, 2 milliequivalents 


of halogen consumed per gram of sample correspond to one double bond in a molecule of molecular 
weight of 1,000. 


treated 1 gram of fine coal with 50 cubic 
centimeters of HubPs reagent for 24 hours, 
then made the solution up to 100 cubic cen- 
timeters with 10 percent potassium iodide 
solution and titrated a clear 50 cubic cen- 
timeter aliquot. Nubling and Wanner 8 
added pure bromine dropwise to a suspen- 
sion of powdered coal in chloroform until 
the solution stained filter paper yellow. 
Marcusson 10 also used HubPs reagent and 
titrated for excess reagent. When hydro- 
chloric acid was added to HubPs reagent 

io Marcusson, J., Z . angew CTiem ., 32, 113-5 
(1919). 


the iodine number was smaller. It was es- 
tablished that the lowering of the iodine 
number was caused by the competitive re- 
action of hydrochloric acid with the coal. 
Hart 11 allowed HubPs reagent to react 
with a chloroform suspension of finely di- 
vided coal. In order to ascertain whether 
the bulk of the coal or only a soluble frac- 
tion was reacting, Hart determined the 
iodine number of the material extracted 
from coal by a mixture of chloroform and 
absolute alcohol corresponding to the mix- 
ture of chloroform and HubPs reagent. 
ii Hart, F., Chem.-Ztg 30, 1204r-5 (1906). 
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The 1 to 2 percent of extract so obtained 
had an iodine number about one-tenth that 
of the whole coal. 

Slopes and Wheeler 12 determined the 
halogen absorption of the components of 
banded coal when treated with Wijs’ solu- 
tion and with iodine in potassium iodide 
solution. Although the absorption of halo- 
gen from Wijs’ solution was several times 
as great as that from iodine in potassium 
iodide solution, with both reagents the re- 
action failed to reach a definite end point 
with respect to time. A distinction between 
“ temporary” and “'permanent” absorption 
was made. Apparently after titration of 
excess reagent the sample released iodine 
when allowed to stand. Vitrain, clarain, 
and durain showed about equal halogen 
absorption; fusain showed a much lower 
absorption. 

None of the above investigators at- 
tempted to distinguish between halogen re- 
acting by substitution and that reacting by 
addition. Fuchs, :s in studying the action 
of bromine on cellulose, lignin, brown coal, 
arid bituminous coal, reacted dry powdered 
coal, previously freed of bitumen by extrac- 
tion with a benzene-alcohol solution, with 
bromine in carbon tetrachloride solution by 
refluxing for 20 minutes. He determined 
the percentage of bromine in the reaction 
product and the amount of bromine re- 
moved as hydrogen bromide by boiling the 
reaction product with calcium acetate solu- 
tion for 30 minutes ; the latter he regarded 
as halogen introduced by addition reaction. 
The reaction product after treatment with 
calcium acetate would again absorb bro- 
mine which could, in turn, again be re- 
moved by treatment with calcium acetate. 
Fuchs found that bituminous coal, brown 

12 Slopes, and Wheeler, R. V., Fuel, 2, 
63-4 < 19231 . 

is Fuchs, W., Brenmtofi-Chem ., 9 , 348-50 

* 1928 ). 


coal, and lignin behaved similarly, in con- 
trast to cellulose, which was unattacked by 
bromine. 

Kusnetsov 14 found that the absorption 
of iodine by coal depended, aside from the 
nature of the coal, upon the iodine reagent, 
upon the solvent, upon the excess of rea- 
gent, and upon the time of reaction. Thus, 
the absorption of iodine by 1 gram of dry 
finely powdered coal when suspended in 15 
cubic centimeters of carbon tetrachloride 
and 25 cubic centimeters of Hiibl’s reagent 
fiodine and mercuric chloride in absolute 
alcohol) amounted to 1.11 milliequivalents 
after 1 day and 3.37 milliequivalents after 
22 days. Under the same conditions, but 
replacing Hubl’s reagent with Wijs’ reagent 
(iodine in glacial acetic acid), the absorp- 
tion of iodine was 0.92 milliequivalent after 
1 hour, 2.14 milliequivalents after 20 hours, 
and 3.22 milliequivalents after 15 days. 
When the acetic acid in Wijs’ reagent was 
replaced by carbon tetrachloride, the iodine 
absorption was 1.65 milliequivalents after 
1 hour and 2. IS milliequivalents after 24 
hours. When to the last solution were 
added, respectively, 0.5 gram and 0.1 gram 
instead of 1 gram of coal, the absorption 
after 24 hours amounted to 4.38 and 16.15 
milliequivalents, respectively. By measur- 
ing the hydrogen iodide in the solution 
after reaction the amount of iodine used in 
substitution was determined. Substitution 
was least with Wijs’ reagent and practically 
negligible at the shorter reaction times, but 
no data were given for the standard condi- 
tions chosen, namely, 0.1 gram of coal, 15 
cubic centimeters of carbon tetrachloride, 
25 cubic centimeters of Wijs’ reagent, and 
15 days’ reaction time. 

A quantitative determination of the halo- 
gen reacting with coal by addition and by 
substitution respectively under various con- 

14 Kusnetsor, M. I., J. Chirti . Ukraine I, Tech 
Part , 1925, 65-83. 
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clitions was carried out by Weller, 15 using 
bromine in carbon tetrachloride as reagent 
and employing an aeration technique 16 
which permitted excess bromine and any 
hydrogen bromide formed to be swept from 
the reaction vessel into a trap and then es- 
timated by titration /with thiosulfate, the 
bromine after addition of potassium iodide 


but also a reaction in which hydrogen bro- 
mide is split out without the corresponding 
fixation of a bromine atom, the net result 
being the elimination of a hydrogen atom 
from the coal. This dehydrogenation effect 
was so marked at 65° C that considerably 
more bromine was evolved as hydrogen bro- 
mide than was fixed in the coal, with the 



Total Bromine Consumed - 
Milliequivalents Per Gram of Coal 


Pig. 1. Effect of temperature on hydrogen bromide formation and on apparent addition of bromine 
in the reaction of bromine in carbon tetrachloride solution on a coking coal.'* 5 


solution to the contents of the trap, and 
the hydrogen bromide after addition of po- 
tassium iodate solution following the first 
titration. The effects of time, temperature, 
concentration of reagent, and fineness of 
subdivision of the coal were evaluated in 
an effort to obtain a significant value for 
the unsaturation of the bituminous coal 
studied. It was shown that not only did 
the substitution and addition reactions of 
bromine with coal take place simultane- 
ously even at temperatures as low 7 as 0° C, 

is Weiler, J. F., Fuel , 14, 190-6 (1935). 

16 Buckwalter, H. M., and Wagner. E. C. f J. 
Am. fShem. Soc 52, 5241-54 (1930). 


result that the calculated values for halo- 
gen reacting by addition were negative (cf. 
Fig. 1). The ease with which this elimina- 
tion of hydrogen bromide occurred sug- 
gests that the elimination took place from 
hydroaromatic structures to form benzenoid 
compounds. Buckwalter and Wagner 16 de- 
termined the unsaturation of some thirty 
compounds by the aeration method and 
found that negative values were obtained 
with only such compounds as contained aro- 
matic or hydroaromatic (alicyclic) struc- 
tures, e.g., menthane, retene, abietic acid, 
rosin, and heavy lubricating oil fractions. 
At 0° C, the elimination of hydrogen bro- 
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mide was largely suppressed and the figure 
of 5.5 milliequivalents of halogen reacting 
by addition per gram of coal was regarded 
as a satisfactory measure of the unsatura- 
tion. This estimated unsaturation means 
that two from every twenty-eight carbon 
atoms are linked to each other by olennic 
double bonds. 

The observations of Stahlschmidt 4 and 
Fuchs 13 that part of the bromine in bromi- 
nated coal can be removed by treatment 
with boiling alkali solutions was confirmed 
by Weller, who noted that approximately 
two-thirds of the bromine was thus re- 
moved as hydrogen bromide. This is prob- 
ably the same sort of reaction as occurs 
spontaneously during the halogenation re- 
action. The residual bromine is most likely 
linked to aromatic structures present in the 
original coal or formed by dehydrogena- 
tion of hydroaromatic structures during the 
halogenation or during the alkali treatment. 

McCulloch and his eoworkers 1T > 19 * 20 

studied the reaction of gaseous chlorine 
with powdered coal and investigated the 
properties of the reaction product. The 
reaction took place 17 vigorously with the 
evolution of considerable heat, and the gas- 
eous products contained large amounts of 
hydrogen chloride. The chlorine content of 
the reaction product was 24.4, 35.5, 36.0, 
and 35.4 percent for coals having a fixed 
carbon content of 90.6, 75.6, 71.0, and 
61.3 percent, respectively. 

If the yield of hydrogen chloride for 
twenty-nine varieties of coal when the re- 

17 Marsh, A., McCulloch, A., and Parrish, E., 
J. Sac. Chem, Ind., 4S, 167-74T (1929). 

is Eeeles. A., and McCulloch. A., ibid., 49, 
377-S2T, 3S3-SGT (1930). Eeeles, A.. Kay, H., 
and McCulloch, A., ibid., 51, 49-59T (1932). 
Kay, H., and McCulloch. A., Hid., 51, 1S6-SGT 
(1932), 32, 47-9 (1933). 

is Eeeles, A., Kenyon, G. H., and McCulloch. 
A., Fuel, 10, 4-15 (1931). 

20 Eeeles, A., and McCulloch, A., ibid., 10, 
308-19 (1931). 


action was allowed to proceed at 70° C is 
plotted 20 against percentage of carbon of 
the coal on a pure-coal basis, a plot is ob- 
tained very similar to the one obtained by 
Sevier 21 in classifying coals according to 
their carbon and hydrogen content on a 
pure-coal basis, the various classes of coals 
falling in similar positions in both plots. 
Some exceptions were noted; several coals 
of high pyrite content were found to yield 
much more hydrogen chloride than com- 
parable coals of low pyrite content, the 
chlorinatioh presumably having gone fur- 
ther as the result of catalysis. 

Distillation of the chlorinated coal was 
accompanied by evolution of hydrogen 
chloride, no tar was formed, and the re- 
sulting residue was pulverous. Halogena- 
tion probably acts like oxidation to destroy 
tar yield and coking power. The volatile 
constituents which appear normally as tar 
and the fusible constituents responsible for 
coking undergo condensation reactions with 
elimination of hydrogen chloride or water 
at temperatures below those at which vola- 
tilization or fusion occurs, the result of the 
reactions being the production of nonvola- 
tile and nonfusible products. For instance, 
Barash 22 has shown that a mixture of a 
good coking coal with a sample of chlori- 
nated coal will not coke at all despite the 
presence of agglutinants in the untreated 
coals. The evolution of hydrogen chloride 
commences below r 200° C and continues in a 
regular manner until a temperature of 500 
to 800° C is reached. At this temperature 
evolution practically ceases with the : re- 
moval of most of the chlorine as hydrogen 
chloride. The same high-pyritic coals in 
which chlorination apparently proceeded 
further continued, however, to evolve con- 

21 Seyler, C. A., Fuel , 3, 15-26, 41-9, 79-83 
(1924). 

22 Barash, M., J. 80c. Chem. Ind., 48, 174-83T 
(1929). 
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siderable amounts of hydrogen chloride up 
to 900° C. If the coal (No. 3) of high py- 
rite content is excepted, Table V indicates 
that the percentage of the total hydrogen 
of the coal that is evolved as hydrogen chlo- 
ride and water during chlorination and sub- 
sequent distillation of the chlorinated prod- 
uct decreased with increased rank and was 
proportional to the volatile matter deter- 
mined in the original coal. 

TABLE V 

Evolution of Hydrogen during Chlorina- 
tion and Subsequent Distillation of Vari- 
ous Coals 19 


Coal No. 

1 

2 

3 

4 

Percent carbon in coal (dry, 





ash-free) 

92.6 

87.3 

85.7 

83.1 

Volatile matter (dry, ash-free) 

9.4 

29.0 

24.4 

38.7 

Percent of total H evolved as: 





(a) HC1 and H 2 O during 





chlorination 

12.5 

13.2 

29.0 

15.6 

(6) HC1 during distillation 

27.0 

33.1 

41.2 

33.2 

(c) CH 4 during distillation 

10.4 

11.9 

5.2 

11.4 

( 1 d ) H 2 during distillation 

21.1 

15.9 

10.2 

11.4 

( e ) H 2 O during distillation 





over 200° C 

5.6 

8.4 

4.8 

14.1 

(/) H remaining in coke 





above 900° C 

23.4 

17.5 

9.6 

14.3 

The preparation of 

halogen 

acids 

by 


passing the gaseous halogen through a bed 
of brown coal, the reaction furnishing its 
own heat, has been described. 23 Nellen- 
steyn 24 reported the formation of hydro- 
gen iodide during the preparation of active 
carbon by the action of iodine on anthra- 
cite coal at 350° C. 

23 Reinau, Z. angew. Ohem. } 39, 557 (1926). 
Consolidierte Alkaliwerke, Ger. Pat. 313,875 
(1918). 

24 Nellensteyn, F. Cheni. Weekblad s 21, 
533-6 (1934). 


Weiler 25 used exhaustive chlorination of 
coal to obtain an approximate measure of 
the apportionment of the carbon in coal 
between complex condensed ring structures 
on the one hand and aliphatic and simple 
cyclic structures on the other. By exhaus- 
tive chlorination of the coal using a hun- 
dredfold weight of antimony pentachloride 
at temperatures up to 400° C the aliphatic- 
carbon and carbon in simple ring structures 
was driven off as the chlorinated hydrocar- 
bons, C G Cl e , C 2 C1 6 , and CC1 4 , leaving the 
condensed ring systems as a highly chlori- 
nated nonvolatile residue. In this manner 
it was estimated that 85 percent of the 
carbon of a bituminous coal from the Pitts- 
burgh Seam is present in complex con- 
densed ring structures. Additional unpub- 
lished work on coals of different ranks in- 
dicated that a lesser percentage of the car- 
bon is present in complex ring structures as 
the rank of the coal decreases. 

From this review of the reactions be- 
tween coal and the halogens, it is concluded 
that a large portion of the carbon in coal is 
present in condensed ring systems. These 
ring systems are largely saturated, that is, 
naphthenic, and probably to a large extent 
hydroaromatic, that is, the rings are six- 
membered. Much of the hydrogen and of 
the lower hydrocarbons resulting from the 
carbonization of coal is the result of the 
dehydrogenation of these naphthenic struc- 
tures to aromatic systems. Concerning the 
nature of the oxygen linkages little has been 
learned from halogenation reactions. 

25 Weiler, J. F., J. Am. CJiern. Soc. } 5S, 1112-4 
(1936). 
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CHEMICAL CONSTITUTION OF COAL: AS DETERMINED BY 
OXIDATION REACTIONS 


H. C. Howard 

Coal Research Laboratory , Carnegie Institute of Technology 


Oxidation has been one of the most use- 
ful tools available to the chemist for estab- 
lishing the structure of organic molecules. 
If the substance being investigated is of 
low molecular weight, identification of its 
oxidation products may lead immediately 
to a knowledge of its structure. With high- 
molecular-weight bodies, such as polymers, 
the results have been much less important. 
However, in oxidation studies of certain 
polymers, as. for example, the action of 
ozone on linear diene polymers, such as the 
natural and synthetic rubbers, where the 
regularly occurring double bonds oner a 
ready opening for attack, the results have 
been of the greatest significance, 1 The 
chemical and physical properties of bitu- 
minous coals indicate tridimensional or net- 
work structures, and hence a complicated 
series of oxidative degradation products is 
to be expected. Oxidation takes place, 
however, with convenient velocity with a 
number of oxidizing agents at a tempera- 
ture such that there is little probability of 
internal structural changes, and even with 
these mild oxidation procedures some SO 
percent of the carbon of typical American 

i Harries, €., Untermchungen fiber die natiir - 
lichen and MnsiUchen KautscJinkarten, Berlin, 
1919, p. 17. Pummerer. R.. Ebermayer, G., and 
Gerlach. K., Ber. f 04B* 804-9 (1931). Hill. R.. 
Lewis. J. E., and Simonsen. J. L. t Trans. Fara- 
day Sue., 35, 1007-89 (1939). 


bituminous coals can be recovered in the 
form of alkali-soluble substances. Because 
of the high yield of products of moderate 
molecular weight and the low temperatures 
required for reaction, oxidation has been 
used extensively for investigation of the 
structure of coals and related substances. 
Aside from the theoretical interest of these 
studies, the possibility of obtaining prod- 
ucts of commercial value is always present, 
since an important part of the oxidation 
products consists of polycarboxylic acids, 
and acids of this type are finding wide 
application in the syntheses of resins and 
fibers. 

Stages op Oxidation 

The oxidation \of coals can, for conve- 
nience, be broadly divided into three 
stages. 2 

1. A surface oxidation, characterized by 
the addition of oxygen and the formation 
of oxwgen-containini groups with acidic 
properties. With bitliminous coals this re- 
action takes place with appreciable veloc- 
ity at room temperatures and above. 
Carbon dioxide, carbW monoxide, and 
water may be formed vconcomitantly and 
are always liberated at higher temperatures 
nr if the oxidation is pro\ong<ad. The rate 

- Cf. Francis, W., Fuel, 17,^363-72 (1938). 
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is a function of the rank of the coal as 
well as of temperature, oxygen partial 
pressure, and surface area. Superficially, 
the coal is little affected, at least in the 
early part of this stage, but it shows defi- 
nite changes in caking and coking proper- 
ties, heat of combustion, and susceptibility 
to further oxidation. The presence of 
acidic surface groups is indicated before 
any appreciable alkali solubility appears. 

2. If oxidation is continued a large frac- 
tion of the organic material of the coal is 
converted ultimately into alkali-soluble, 
acid-insoluble products which have been 
designated “regenerated humic acids.” In 
the freshly precipitated state they resemble 
hydrated ferric oxide, and they dry to 
shining black flakes, which on grinding 
form a reddish brown powder similar in 
appearance to finely ground coal. Trans- 
formation from stage 1 to stage 2 is accom- 
panied by evolution of oxides of carbon 
and formation of greater or lesser amounts 
of lower-molecular-weight, soluble organic 
acids. These humic acids, “regenerated” 
by the oxidation of bituminous coal, are 
far from homogeneous, but they probably 
are of the same general type of structure, 
differing chiefly in molecular weight and 
the point of attachment of functional 
groups. 

3. If the process which produced the 
humic acids of stage 2 is continued for a 
sufficient length of time or if more drastic 
oxidation methods are applied, the humic 
acids will be degraded completely to lower- 
molecular-weight acids soluble in acid and 
neutral, as well as alkaline, aqueous media. 
Transformation from stage 2 to stage 3, 
as in the previous step, is always accom- 
panied by formation of carbon dioxide, 
until, if the oxidation is sufficiently pro- 
longed, all the carbon appears in that form. 
The transformation to stage 3 is charac- 
terized by definite color changes, which are 


presumably indicative of internal struc- 
tural changes. The acids of stage 3, pre- 
pared from American bituminous coals, 
may furnish aqueous solutions ranging in 
color from the deep reddish brown charac- 
teristic of alkaline solutions of humic acids 
to a pale yellow. The intensity of color of 
these organic acids is a function of the 
extent of the oxidation and hence bears a 
definite relation to the fraction of the car- 
bon appearing as carbon dioxide. With a 
Pittsburgh Seam bituminous coal, pale 
orange to yellow solutions are obtained 
when approximately 50 percent of the car- 
bon of the coal has been converted to 
carbon dioxide, and colorless solutions are 
not obtained until upward of 90 percent of 
the carbon has been so converted, thus 
indicating the remarkable stability of the 
molecules containing these chromophoric 
groups. The nature of the color-bearing 
groups in the oxidation products of coal, 
although certainly of significance, appears 
to have attracted little attention. Such 
diverse oxidizing agents as nitric acid, alka- 
line permanganate, and molecular oxygen 
all furnish intensely yellow oxidation prod- 
ucts. This yellow color is also present in 
the oxidation products from chars pre- 
pared by the pyrolysis of cellulose at mod- 
erate temperatures. 

Although the greater part of the signifi- 
cant information concerning the nature of 
coal, obtained through oxidative degrada- 
tion, has come from investigations of the 
simpler soluble acids formed in stage 3, 
certain facts of general interest are avail- 
able from investigations of the earlier 
stages, and all will be discussed in the fol- 
lowing paragraphs. 

Surface Oxidation 

The initial step in the reaction of gaseous 
oxygen on coal, like that on activated car- 
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bons, appears to be one of addition with 
the formation of a surface complex . 3 
Simple reversible adsorption is ruled out 
because of the impossibility of recovering 
the oxygen except as oxides of carbon. 
Many workers 4 have shown that coal, 
when exposed to an oxidizing atmosphere, 
reacts even at room temperature in such 
a way that some of the oxygen remains 
associated with the coal, while the balance 
appears as water, carbon dioxide, and car- 
bon monoxide, the distribution of the oxy- 
gen among the reaction products being a 
function of the temperature of oxidation 
and of the coal used. (See also Chapter 
IS.) Francis and Wheeler 2 have indicated 
the analogy between the reaction of oxy- 
gen with carbon, where a surface complex 
has been postulated and generally accepted, 
and its reaction with bituminous coal. In 
the reaction of oxygen with coal, however, 
the liydrcgeu-coruaii-iiig groups of the 
"ulmin molecule" are believed to play an 
important part in the formation of car- 
boxyl groups which have no counterpart in 
the carbon-oxygen complex formed when 
carbon is oxidized. 

There is some evidence that the reaction 
of oxygen with coal takes place by addition 
at double bonds. 5 * 6 Ferdinand Fischer 6 
pointed out that oxygen and bromine seem 
to act on coal in a similar manner, for cer- 
tain coals which take on oxygen quickh' 
and ignite spontaneously also react rapidly 
and consume relatively large amounts of 

3 Francis, W., and Wheeler, R. V., J. Chem. 
Sac., 1027, 2938-67. 

4 Bunte. K., and Bruckner. H., Angeic. Chem., 
47, 84-6 (1934). Ref. 3, p. 2960. Porter. H. C., 
and Ralston, O. U. 8. Bur. Mines , Tech. Paper 
«5 *1914), 30 pp. Coles, G. ? and Graham, J. I., 
Fuel , 7, 21-7 (1928). 

s Habermann, J. Gasleleucht., 49, 419-22 
(1906). 

6 Fischer, F., Z. angeic. Chem., 12, 764-7 
• 1S&9>. Hart, F., Chem.-Ztg., 30, 1204-5 (1906). 


bromine. Doring 7 and Habermann 5 have 
confirmed Fischer’s conclusions qualita- 
tively. In agreement with such a mecha- 
nism is the postulation® of peroxide for- 
mation. There appears to be little definite 
experimental evidence yet for the presence 
of peroxides on oxidized coal surfaces. 
Habermann 5 was unable to get positive 
tests either with chromic acid and ether or 
titanous sulfate. An oxygen surface layer 
on an Illinois bituminous coal which is 
established very quickly and which oxidizes 
such a reagent as titanous chloride has, 
however, been found , 9 and powdered coal, 
which has been exposed to the air, exerts 
a definite oxidizing potential when sus- 
pended in aqueous alkali around a platinum 
electrode . 10 It is of interest to note in this 
connection that special forms of porous 
carbon have been developed 11 which acti- 
vate oxygen sufficiently rapidly so that 
they can be employed as electrodes in gal- 
vanic cells without added cathodic depo- 
larizers. 

Samples of coals oxidized at moderate 
temperatures, when analyzed by the proce- 
dure of Ubaldini and Siniramed , 12 for de- 
termining carboxyl groups in humic acids, 
give results indicating the presence of such 
groups on the surface of oxidized coal. In- 
creased adsorption of basic ions by an oxi- 
dized coal surface as compared with that 
of a fresh one may also be interpreted as 
indicating the development of acidic 

T., Fischer 3 s J ahresbericJi te, N. S., 
39, 13-5 (1908). 

s Cox, A. J., 8th Intern . Congr . Applied Chem., 
10, 109-28 (1912). 

9 Yoke, G. R., and Harman, C. A., J. Am. 
Chem. Soc., 63, 555-6 (1941). 

10 Unpublished data, Coal Research Lab., Car- 
negie Inst. Tech. 

11 Heise, G. W., and Schumacher, E. A., Trans. 
Electrochem. 8oc., 62, 383-91 (1932). 

12 Ubaldini, I., and Siniramed, C., Studi Pi- 
cerehe Combustihili , 4, 333-45 (1932-33) ; Ann. 
chim. applicata, 22, 340-52 (1932), 23, 585-97 
(1933). 
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groups. 13 Similar indirect evidence is 
found in the fact that whereas the rates of 
oxidation of fresh and oxidized coal sur- 
faces differ little in an alkaline oxidizing 
medium, where presumably the inhibiting 
layer of acidic oxidation products would 
be rapidly removed by solution, there is a 
marked difference in rate of oxidation in 
an acid medium. 10 It has also been re- 
ported 14 that auto-ignition temperatures 
are increased by surface oxidation. 

An interesting feature in connection with 
surface oxidation of bituminous coals is 
the formation of carbon monoxide as one 
of the products even in oxidations at room 
temperature in the presence of excess oxy- 
gen. The temperatures at which it ap- 
pears are too low to account for its for- 
mation by secondary decomposition of car- 
bon dioxide, and there are few organic oxi- 
dations in which it would be expected as a 
primary product. Both ketone and ketene 
oxygen have been postulated 15 as primary 
oxidation products of graphite surfaces and 
conceivably may be responsible for the 
carbon monoxide formed. Surface oxida- 
tion measurements on special fractions of 
bituminous coal have indicated that the 
residue from a benzene extraction absorbs 
at 60° C twice as much oxygen from air 
as the original coal, 16 and that both residue 
and extracts oxidize more rapidly than the 
original coal. Work with the petrographic 

13 Vologdin, M. V,, and Kamendrovskaya, E. 

A., Khim. Tverdogo Topliva , 7, 22-3 (1936) ; 
Chem. Abs., 33, 6024 (1939). Vologdin, M. V., 
Khim. Tverdogo Topliva, S, 844-52 (1937) ; 

Chem. Abs., 32, 5186 (1938). Syskov, K. I., and 
Ushakova, A. A., Khim. Tverdogo Topliva , 8, 
692-702 (1937) ; Chem. Abs., 33, 1908 (1939). 
Radspinner, J. A., and Howard, H. C., Ind. Eng. 
Chem., 15, 566-70 (1943). 

14 Peters, K., and Cremer, W., Angew. Chem., 
47, 529-36 (1934). 

is Sihvonen, V., Trans. Faraday Soc., 34, 1062- 
74 (1938). 

16 Davis, J. D., and Reynolds, D. A., Fuel , 5, 
405-11 (1926). 


constituents has shown 17 that vitrain is the 
most, and fusain the least, easily oxidized 
in air at 100° C. 

Humic Acids 

Preparation and Purification. These oxi- 
dation products of bituminous coal, be- 
cause of their solubility in aqueous alkali 
and other solvents, represent the least de- 
graded oxidation product of coal to which 
it is possible to apply classical methods for 
characterization. They may be prepared 
from bituminous coals by alternate oxida- 
tion and alkaline extraction processes, as, 
for example: (1) by alternate exposure to 
air and extraction with a basic solvent; 18 
(2) by intermittent treatment with an acid- 
ic oxidizing agent such as nitric acid 19 * 20 
or sulfuric acid 21 and an alkaline extract- 
ing medium; or (3) by continuous treat- 
ment with an oxidizing agent in the pres- 
ence of a basic solvent medium, as treat- 
ment with air in the presence of aqueous 
alkali or the use of alkaline permanga- 
nate. 22 Electrolytic oxidation in aqueous 
alkali has also been used, 23 and recently 
extraction has been made with furfural. 24 

The rate of formation of humic acids is 
a function of the rank of the coal as well 
as such other variables as temperature, 
oxidant, and so forth. The yield of humic 
acids as a function of time for four typi- 

17 Francis, W., and Wheeler, R. V., J. Chem. 
Soc., 127, 112-25 (1925). Tideswell, F. V., and 
Wheeler, R. V., ibid., 127, 125-32 (1925). 

is Morgan, G. T., and Jones, J. I., J. Soc. 
Chem. Ind., 57, 289-92 (193S). 

19 Lilly, V. G., and Garland, C. E.. Fuel, 11, 
392-400 (1932). 

20 Smith, R. C., and Howard. H. C., J . Am. 
Chem. Soc., 57, 512-6 (1935). 

21 Kreulen, D. J. W., Brennstoff-Chem., S, 
149-54 (1927). 

22 Bone, W. A., Horton, L., and Ward, S. G., 
Proe. Roy. Soc. (London), 127 A, 480—510 (1930). 

23 Lynch, C. S., and Collett, A. R., Fuel, 11, 
408-15 (1932). 

24 Fuchs. W., and Sandhoff, A. G., Fuel, 19, 
45-8, 69-72 (1940). 
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cal American bituminous coals, using 1 X 
nitric acid as oxidant, is shown in Fig. I. 25 
The yield from a given weight of coal rises 
to a maximum and then decreases owing to 
further oxidation of humic acid to the 
lower-molecular-weight soluble types. The 
effect of rank of coal on rate of formation 
is very marked, the maximum yield with 


dotation and by hand-picking, from Her- 
rin. Illinois No. 6 Seam, with air at 150° C, 
and found that the vitrain samples gave 
95 to 96 percent conversions to alkali-sol- 
uble material; the clarain, 82 to 83 per- 
cent; and the durain, 59 to 63 percent. 
There is considerable evidence to indicate 
that fusain oxidizes much more slowly than 



Fig. l. Rate of liumic acid formation from bituminous coals by X N nitric acid. 35 


the low-rank Illinois coal being reached In 
about one-twentieth the time required for 
the high-rank Pocahontas coal because of 
the low rate displayed by the Pocahontas 
coal in the early stages* After this “induc- 
tion period” there is little difference in 
rate. 

The effect of the various petrographic 
constituents on rate of humic acid forma- 
tion has been recently investigated by Yohe 
and Harman, 26 who oxidized samples of 
vitrain, durain, and clarain, separated by 

25 Lowry, H. H.. J. Inst. Fuel , 10, 291-301 
11937). 

26 Yohe, G. R., and Harman, C. A., Trans. Illi- 
nois State Acad. Sci., 32, No. % 134-6 (1939), 


other petrographic constituents, and this 
fact has been made the basis of a method 
for its quantitative determination. 27 The 
view that regenerated humic acids are de- 
rived exclusively from oxidation of “hu- 
mins” or “ulmins” in the coal is not in 
accord with the fact that both the “bitu- 
mens” extracted from bituminous coal by 
benzene at elevated temperatures, and the 
part of the coal insoluble in benzene at ele- 
vated temperatures, yield “humic acids” on 
oxidation. Biggs 28 investigated “humic 

27 Fuchs, W., Gauger, A. W., Hsiao, C. C., and 
Wright, C. C., Penna. State Coll., Mineral Ind. 
Expt. Sia Bull, 23 (1938), 43 pp. 

2S Biggs, B. S., J. Am. Chem. Soc 58, 1020-4 
(1936). 
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acids” prepared from both materials and 
noted little difference in ultimate compo- 
sition and equivalent and molecular weights. 
The data are shown in Table I. 


appear to have been applied to the degra- 
dation products of coal. 

Action of Solvents. The usual method of 
preparation of “regenerated humic acids” 


TABLE I 


Properties of Humic Acids Prepared from Benzene-Soluble and -Insoluble Fractions 

of Pittsburgh Seam Coal 28 


Humic Acid 
from 

Carbon 

Hydrogen 

Composition 

Nitrogen Sulfur 

Ash 

Oxygen 

Average 

Molecu- 

lar 

W'eighi 

Average 

Equivalent 

■Weight 

(Carboxyl) 

Average 
Equivalent 
Weight (Car- 
boxyl and 
Hydroxyl ) 

Extract A 

percent 

60.95 

percent 

4.19 

percent 

3.76 

percent 

0.48 

percent 

0.76 

percent 

29.86 

193 

240 

181 

Extract B 

57.17 

3.71 

3.09 

0.34 

0.95 

34.74 

217 

192 

141 

Residue 

60.17 

3.89 

3.04 

0.55 

0.98 

31.37 

242 

244 

162 


A and B represent fractions of the extract soluble and insoluble in ethyl ether, respectively. 


It has already been indicated that the 
humic acids represent a series of molecules 
of an intermediate stage of complexity be- 
tween the original coal substance and the 
simpler water-soluble acids. Insufficient 
work has yet been done on physical meth- 
ods of fractionation to permit drawing con- 
clusions as to distribution of molecular 
sizes. The usual method of purification 
has consisted in solution in alkali followed 
by precipitation with a mineral acid, but 
because of the flocculent nature of the 
humic acid precipitate considerable 
amounts of low-molecular-weight- bodies 
both organic and inorganic may be oc- 
cluded, and re-solution and reprecipitation 
may effect very little purification. Chlo- 
ride ion, as well as some of the low-molecu- 
lar-weight but difficultly soluble aromatic 
acids, i.e., iso- and terephthalic acids, ap- 
pear to be very difficult to eliminate. Elec- 
trodialysis furnishes an ideal method for 
removal of electrolytes. 29 ’ 20 Methods of 
fractionation, by diffusion or centrifuging, 
which have yielded such important results 
with other colloidal systems do not as yet 

29 Biesalsky, E., and Berger, W., Braunkohle , 
23, 197-201 (1924-5). 


depends upon solution in aqueous alkali 
and reprecipitation on acidification. Solu- 
bility in organic solvents appears to depend 
very largely on the extent and nature of 
the original degradation. As would be ex- 
pected, basic organic compounds are often 
effective solvents, as are also phenolic com- 
pounds. Even after exhaustive methyla- 
tion, and presumably complete conversion 
of the strongly polar carboxyl and hydroxyl 
groups to methoxyl, solubility in a solvent 
of moderate activity, like acetone, is often 
incomplete. Recently it has been found 
that the primary oxidation products of an 
Upper Freeport Seam bituminous coal are 
soluble in furfural. It was shown that the 
oxidation may be carried out either by a 
brief treatment with 16 A 7 nitric acid 24 at 
100° C or by air oxidation followed by alka- 
line permanganate. 30 These furfural solu- 
tions were found to be optically void w r hen 
examined in the' dark field. The results of 
investigations of electrical and optical prop- 
erties such as dielectric constant, conduc- 
tivity, and light absorption were inter- 
preted to indicate phenomena of both elec- 

30 Fuchs, W., and Fuchs, F., Fuel, 19, 241 
(1940). 
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trolytic dissociation and molecular associa- 
tion. A preliminary study of infrared 
spectra was stated to indicate that the 
association is probably not caused by either 
hydrogen or hydroxyl bonds. Refractive 
indexes could not be obtained at higher 
concentrations than 0.25 percent, owing to 
'‘anomalous dispersion/’ No significant 
difference was found between the surface 
tension of the furfural and a 2 percent solu- 
tion of the "humic acids.” Viscosity meas- 
urements were made on furfural solutions 
of both the free acids and methylated ma- 
terial. The deviations from the Einstein 
equation are of the same order as observed 
by Loughborough and Stamm 31 for solu- 
tions of lignin. 

Molecular and Equivalent Weights. 
Since the regenerated humic acids consist 
of a series of molecular sizes analogous to 
polymeric homologous series, molecular- 
weight determinations on any given sample 
can represent only an average value and 
the particular type of average will depend 
upon the method used. 32 The average 
values obtained by colligative methods, 
such as freezing point, boiling point, and 
osmotic pressure, which yield number aver- 
ages, are particularly sensitive to the pres- 
ence of small weight percentages of low- 
molecular-weight species. Because of the 
difficulty of obtaining suitable solvents few 
data are available on the measurements of 
molecular weight of humic acids from any 
source. Oden 33 determined equivalent 
weights of humic acids extracted from peat, 
by electrometric titration, and estimated 
the molecular weight from the basicity, cal- 
culation of the basicity being made from 
the empirical conductance rule of Qst- 

31 Loughborough. D. L.. and Stamm, A. J.. J. 
Phys. Chem., 40, 1113-32 (1936). 

32 Lansing, W. D., and Kraemer, E. O., J. Am. 
Chem . Soe., 57, 1369-77 (1035). 

33 Odfin, Sven, Die Huminsduren , Theodor 
Steinkopff, Dresden. 1922, pp. S4-92. 


wald. 34 Oden concluded that it is very 
probable that this humic acid preparation 
was tri- or tetrabasic. Since an equivalent 
weight of approximately 340 had been 
found, this would lead to an estimated 
value of molecular weight for these acids 
of 1,000 to 1,350. Fuchs showed 35 that 
the natural humic acids of brown coal could 
be converted into products soluble in ace- 
tone by a brief treatment with 5 N nitric 
acid at 60° C. Determinations of the mo- 
lecular weight of these products, by boiling- 
point elevation in acetone, led to an aver- 
age value of 1,250. Thiessen and Engen- 
der 30 determined the molecular weight of 
the alcohol-soluble fraction of humic acids 
extracted from decayed cedarwood by 
boiling-point elevation in acetone and ob- 
tained an average value of 800. Samec 
and Pirkmaier 37 made osmotic-pressure 
measurements on purified ammonium salts 
of humic acids extracted from brown coals 
and obtained values of 1,235 to 1,445. 
Smith and Howard 20 prepared humic acids 
by the action of 1 N nitric acid on Pitts- 
burgh Seam bituminous coals. These acids 
were found to be soluble in dihydroxy- 
phenols, such as catechol, and cryoscopic 
measurements in this solvent led to aver- 
age values around 300. 

The very considerable variations in aver- 
age values of molecular weight reported 
may be ascribed in part to the molecularly 
heterogeneous nature of the materials 
under investigation and partly to peculiar 
specific molecular properties. Studies 38 on 

34 Os t wald, W., Z. physih. Chem., 1, 97-109 
(1SS7). 

35 Fuchs, W„ Brennstoff-Chem., 9, 178-S2 

* 192S). 

36 Thiessen, G., and Engelder, C. J., Ind. Eng. 
Chem., 22, 1131-3 (1930). 

37 Samec, and Pirkmaier, B. f Kolloid-Z., 
51, 96-100 (1930). 

33 Howard, H. C., J . Phys. Chem., 40, 1103-12 
(1936). 
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other primary degradation products of coal 
such as the “bitumens” obtained by mild 
hydrogenation or pyrolytic breakdown, 
which are soluble in a number of organic 
solvents, show very great differences in 
apparent molecular weight depending upon 
the solvent employed. For example, the 
values for molecular weight for these deg- 
radation products in a strongly polar sol- 
vent like catechol may be as low as a fourth 
of those in a nonpolar solvent like diphenyl, 
and large variations in apparent molecular 
weight with change in concentration of 
solute have also been observed in the non- 
polar solvent. Both these facts point to 
association. It seems probable that we 
have to deal with similar phenomena with 
the humic acids. 

Regardless of the exact value of molecu- 
lar weight of the regenerated humic acids 
it is evident that the original coal structure 
degrades to relatively simple fragments 
with mild oxidation treatment. 

Ultimate Composition. Ultimate com- 
position being a rather insensitive prop- 
erty, it is perhaps not surprising that the 
carbon, hydrogen, and oxygen contents of 
“humic acids” from a variety of sources 
do not vary greatly. Typical data are 
shown in Table II. The acids prepared by 
Yohe and Harman 26 show higher carbon 
and lower hydrogen contents than those 
reported by other workers, probably owing 
to the mild degradation method employed. 

The high carbon-hydrogen ratios point 
conclusively to condensed cyclic structures. 
Where complete analyses have been made, 
nitrogen and sulfur are always found and 
the nitrogen appears in greater amounts in 
those humic acids which have been pre- 
pared by the action of nitric acid. Evi- 
dence has been presented for the view that 
a part of the nitrogen in products result- 
ing from the action of nitric acid on coal is 


present as isonitroso groups. 39 An early 
worker 40 stated that part of the nitrogen 
was present as nitro groups. 

A paper by Morgan and Jones iS is of 
particular interest in connection with the 
ultimate composition of regenerated humic 
acids. The acids in this study were pre- 
pared by oxidizing a sample of a British 
bright coal on shallow trays at 150 s C, the 
coal layer being stirred each day. After 
about 8 weeks it was found that alkali 
solubility had reached a maximum, and 
the humic acids were extracted by 2 per- 
cent alkali and recovered and purified in 
the usual way. Further oxidation of these 
humic acids with alkaline permanganate, 
using a number of permanganate-humic 
acid ratios, led to the interesting observa- 
tion that there was a gradual change in 
composition, as well as in the amount of 
humic acids recovered, up to a ratio of 
around 2.9. Above this ratio the amount 
of humic acids recovered continued to de- 
crease, owing to conversion to soluble 
acids, but their composition was unchanged. 
The data are illustrated in Fig. 2. No fig- 
ures were given on the yield. 

Functional Groups. Relatively little 
work has been done on the determination 
of the functional groups in humic acids 
regenerated from bituminous coals. Like 
the natural acids, they undoubtedly con- 
tain carboxyl and hydroxyl groups. Elec- 
trometric titration with the hydrogen, quin- 
hydrone, antimony, or glass electrodes has 
been used to determine carboxyl groups. 
An aqueous suspension of the acids, vdiich 
has a pH of about 4, can be titrated di- 
rectly with the standard alkali, but, since 
in a heterogeneous system of this kind at- 

39 Fuchs, W., Die Chemie der Kohle, Julius 
Springer, Berlin, 1931, pp. 201-2. Compare, 
however, ref. 29. 

40 Friswell, B. J., J. Chem. Soc. ( Proc ., p. 9), 
1892. 








HUMIC ACIDS 


355 


tainment of equilibrium is slow, it is pref- 
erable to dissolve the acids in an excess 
of standard alkali and to determine this 
excess by back titration. 41 Typical curves 
for regenerated acids are shown in Fig. 3. 
Since we are dealing with rather weak acids 
it is desirable to plot a derived curve to 
locate the end point, and by this procedure 


boxyl groups have been proposed by Ubal- 
dini and Siniramed. 12 In one of these the 
humic acid is refluxed with a suspension 
of calcium carbonate in aqueous calcium 
acetate and the evolved carbon dioxide is 
weighed. Data on this method for one 
sample of humic acids and various known 
acids are shown in Table III. 


TABLE II 


Ultimate Composition of Humic Acids from Bituminous Coals 


Method of Oxidation 

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

Ash 

Oxygen 

Hydrogen peroxide followed 

percent 

percent 

percent 

percent 

percent 

percent 

by alkali extraction (a ) 42 

62.5 

2.8 

2.25 




Alkaline permanganate 22 
Electrolytic, in alkaline me- 

56.7 

3.35 

1.2 

0.6 


3S.1 

dium 23 

57.6 

5.0 



3.1 


1 N nitric acid, followed by 

60.7 

3.1 

2.7 


0.9 

28.9 

alkali extraction 20 

Air at 150° followed by alka- 

to 62.1 

to 3.3 

to 4 .0 

0.65 

to 1.44 

to 31.9 

line permanganate (6) 18 

Air at 150° followed by al- 

64.3 

2.7 

1.6 

0.9 


30.5 

kali extraction (c) 26 

16 iV nitric acid, followed by 
extraction with furfural, 
followed by solution in 

71.27 

3.60 

1 .56 

0.71 


22. S6 

alkali 24 

60.1 

3.2 

5.9 

0.4 


30.4 


(a) A limiting composition said to be the same for all coals examined. 

(b) A “constant” composition obtained by exhaustive oxidation. 

(c) From Illinois No. 6 vitrain, ash- and moisture-free basis. 


the determination of neutral equivalent is 
a readily reproducible measurement. Du- 
plicate determinations on the same prepa- 
ration have been shown 20 to agree within 
2 percent. 

In view of the behavior of known hy- 
droxy aromatic acids, such as o- } m and 
p-hydroxybenzoic and /3-resorcylic acids, 
there appears little doubt that the main in- 
flection in the titration curve occurs when 
sufficient alkali is present to react with the 
carboxyl group alone. 

Other procedures for determining car- 

41 Brown, C. F., and Collett, A. K., Fuel, 17, 
359 (1938). 


Formation of salts and determination of 
the amount of cation combined have also 
been employed 42 for determining the func- 
tional groups present in humic acids. 
Francis and Wheeler prepared barium, 
iron, silver, and copper salts and estimated 
the equivalent weight of their acids to be 
170. Through reactions with acetyl chlo- 
ride, benzoyl chloride, and Grignard re- 
agents it was established that S60 grams 
was the weight of the unit associated with 
one hydroxyl group and that four car- 
boxyls were present in this same unit. 

42 Francis, W., and Wheeler, R. V., J. Cliem. 
80 c., 127, 2236-45 (1925). 
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TABLE III 


Equivalent Weights by the Method of 
Ubaldini and Sixiramed 12 



Theoretical 

Equivalent 


Acid 

Weight 

Found * 

Benzoic t 

122 

122.7 

123.1 

Phthalic t 

S3. 03 

S4.2 

84.6 

o-Hydroxybenzoic f 

13S 

141.8 

138.4 

p-H ydroxy ben zoic I 

IBS 

134.5 

134.3 

1 1 i-H yd roxyb enzoie 1 

13S 

136.4 

136.1 

Succinic § 

59 

60.6 

60.6 


Humic acid 4 1 * 237 

233 


* Values reported are for a reaction time of 
i hour. With reaction times of 4 hours, the 
values for the hydroxy acids were approximately 
1.0 percent lower than theoretical. 

* Dried at room temperature in vacuum over 
p hosphoru s pentoxide. 

t Iiecrystalllzed from water and dried at 

1M.V- C. 

3 Dried at 105' C. 

For method of preparation see ref. 20. 

r - Electrometric value, 235. 

Complete methylation followed by by- 

■olysis has been used for the determina- 
:on of hydroxyl and carboxyl groups in 
both natural and regenerated humic acids. 
Total methoxyl represents both carboxyl 
and hydroxyl groups. Methoxyl after hy- 
drolysis is a measure of the hydroxyl groups 
and carboxyl can be obtained by difference, 
or directly, by determination of the alcohol 
liberated in the hydrolysis. 55 Dimethyl 
sulfate and alkali, methanol and hydro- 
chloric acid, 2& » 43 and methanol and hydro- 
chloric acid followed by diazomethane, 35 
or diazomethane alone have been used in 
the methylation procedure. Because of the 

43 Guile. R, R., and Nikolaev. A. G., J. Applied 
Chem., U.S.S.R., 12, 923-33 <1939). 


insolubility of the humic acids in suitable 
solvents, complete methylation is difficult. 
Variations in methoxyl content under dif- 
ferent conditions of methylation have been 
ascribed 24 to shifting of tautomeric groups. 
Reports on the ratios of ester to ether 
methoxyl, ratio of carboxyl to hydroxyl 
groups have varied from 4:1 to 1:4. 
Bituminous coals contain negligible amounts 
of hydroxyl and carboxyl groups so that 
the presence of these groups in regener- 
ated humic acids must be due to their 
formation during the oxidation procedure. 
Nothing is known as to the structures in 
the original coal from which they are de- 
rived. 

Other than hydroxyl and carboxyl 
groups, no functional groups have been 
shown to be present in humic acids pre- 
pared by the oxidation of bituminous coal 
but the presence of carbonyl groups has 
been reported in the primary oxidation 
products of humic acids from brown coals. 35 
When the oxygen found in the carboxyl 
and hydroxyl groups of a regenerated humic 
acid is compared with the total oxygen 
determined by ultimate analysis, a large 
discrepancy is observed, from a half to a 
third of the oxygen being unaccounted for. 
It appears probable that this oxygen is in 
cyclic or linear ether structures. Studies 
have been made with reagents which are 
believed to undergo specific reactions with 
these oxygen-containing rings, but the re- 
sults so far have not been unequivocal. 44 
Solubility in a benzyl alcohol solution of 
hydrogen chloride has been ascribed to 
oxonium salt formation by heterocyclic 
oxygen structures. 24 The establishment of 
the exact nature of this unaccounted-for 
oxygen would be of great interest. 

Thermal Behavior . Humic acids pre- 
pared by oxidation of bituminous coal, like 

44 Fucks, W., and Horn, O., Rrennstoff-Chem 
12, 251-2 (1931). 
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the natural acids, are relatively unstable 
thermally. A decrease in equivalent weight 
is observed on drying at temperatures up 
to 150° C indicating a loss of sorbed water 
or other nonacidic impurities. Regenerated 
acids, dried above 150° C, show increases 
of equivalent weight pointing to the loss of 
acidic groups by decarboxylation, and nat- 
ural acids from brown coals appear to be- 
have in a similar way. 20 ’ 29 » 45 

On thermal decomposition, neither natu- 
ral nor regenerated humic acids yield any 
considerable amount of volatile decompo- 
sition products other than gases. The solid 
residue remaining after decomposition, at 
temperatures as low as 300° C, is infusible, 
shows no alkali solubility, indicating com- 
plete loss of carboxyl groups, and is in- 
soluble even in very active solvents like the 
dihy droxybenzenes . 

Hydrogenolysis. Eydrogenolysis of re- 
generated humic acids at 350° C in the pres- 
ence of a copper chromium oxide catalyst 
results in good yields of yellowish brown 
amorphous solids of low softening point. 
Solvent fractionation indicates a wide 
range of molecular species, from those sol- 
uble in petroleum ether to products in- 
soluble in benzene. The higher-molecular- 
weight fractions show 20 three- to fourfold 
differences in molecular weight between 
polar and nonpolar solvents. It thus 
seems probable that the strong associating 
properties of humic acids are not due alone 
to functional oxygen groups like hydroxyl 
and carboxyl, but may be ascribed in part, 
at least, to some characteristic nuclear 
structure. 

The preceding paragraphs have indicated 
how meager is our information on these 
important intermediate oxidation products 
of bituminous coal, the regenerated humic 
acids. We can conclude, however, that 

45 Stack, H., BraunJcohlenarcJi No. 40, 1-51 
(1933). 


they are bodies of average molecular 
weight not greater than 1,000, of condensed 
cyclic structure, and that they contain 
sufficient hydrophilic groups, carboxyl and 
hydroxyl, to confer alkali solubility. Since 
they represent such a large part of the 
original coal structure more complete 
knowledge of their constitution is of the 
greatest importance from the standpoint 
of coal chemistry. 

Soluble Acids 

As has been indicated in earlier para- 
graphs, the most important contributions 
to our knowledge of coal by oxidative deg- 
radation have come from studies of the 
soluble acids produced by further oxida- 
tion of the regenerated humic acids. This 
oxidation to the soluble acids may take 
place in one step, without isolation of the 
humic acids, or in two, involving an inter- 
mediate isolation of these acids. That the 
humic acids are an intermediate product 
there appears no doubt, although in very 
active oxidation procedures their existence 
may be only fleeting. 

The ultimate oxidation products of the 
regenerated humic acids are carbonic acid, 
water, and so forth. Between the humic 
acids and these simple products there ap- 
pears, however, a whole series of acids 
distinguished broadly from the regenerated 
humic acids by solubility in aqueous solu- 
tion, neutral and acid as well as alkaline. 
Earlier workers gave these acids names, 46 
largely on the basis of color or solubility. 
The reddish brown soluble acids formed in 
the early stages of oxidation of humic 
acids were called hymatomelanic acids, the 
golden yellow ones formed in the next step, 
fulvo acids. There have also been de- 
scribed 47 two intermediate types of soluble 
acids between the humic acids and the ben- 

46 See pp. 31-3 of ref. 33. 

47 See p. 444 of ref. 39. 
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zeneearboxylic acids. In view, however, of 
our very limited knowledge of the nature 
of these acids, it appears wiser for the time 
being merely to recognize that there lies 
between the regenerated humic acids and 
the crystalline, definitely eiiaraeterizabie 
types, such as oxalic and the benzenecar- 
boxylic acids, a series of water-soluble 
acids of varying molecular complexity, 
characterized by colors ranging from red- 
dish brown to golden yellow, having lower 
equivalent and molecular weights than 
humic acids, showing for the greater part 
solubility in organic solvents like ether, 
alcohol, and acetone, diffusing through 
parchment or cellophane, either with or 
without an applied electrical potential, 
having ultimate compositions indicating 
cyclic nuclei, and having, like the humic 
acids, oxygen unaccounted for in either 
carboxyl or hydroxyl groups, but usually 
with a very much smaller fraction of the 
total oxygen so unaccounted for. Neither 
the acids nor the methyl esters of these 
intermediate oxidation products have yet 
been obtained in crystalline form. Like 
the humic acids, they show marked ther- 
mal instability. Even their methyl esters 
are very incompletely volatilized in a 
molecular still. Repeated redistillarion of 
the volatile fraction results in continued 
accumulation of resinous, and. if the tem- 
perature is increased sufficiently, carbon- 
ized, residues. This behavior distinguishes 
them very sharply from the methyl esters 
of the benzeneearbcxviie acids. 

The peculiar thermal behavior of these 
colored soluble acids, which are of inter- 
mediate complexity between the humic and 
the henzenecarhoxylic acids, indicates the 
presence in their nuclear structures of 
other than simple carbon rings. These 
may be five- or six-membered carbon rings 
with active double bonds or heterocyclic 
compounds. Peripheral polar groups, like 


hydroxyl or carboxyl, in special positions 
affect vapor pressure very greatly , 48 but 
methylation destroys such effects entirely 
so that the thermal instability of these 
compounds derived from coal cannot be 
accounted for by the presence of such 
groups. Investigations of the nature of 
the nuclear structure of these colored inter- 
mediate acids would be of great impor- 
tance. They are of sufficient complexity so 
that any facts established would be of sig- 
nificance, and yet they appear simple 
enough so that available tools could effect 
a successful attack. 

Oxidation in Acid Medium. Bituminous 
coals, or humic acids prepared from them, 
can be readily converted to these soluble 
acids by the action of such oxidizing agents 
as nitric acid, and aqueous solutions of 
permanganates, peroxides, and so forth, and 
molecular oxygen is an effective reagent on 
aqueous suspensions of coal at elevated 
temperatures and pressures. With the ex- 
ception of nitric acid, the use of these oxi- 
dizing agents in other than alkaline medium 
results in poor y'ields of the simpler soluble 
types of organic acids and the conversion 
of a large fraction of the carbon to car- 
bonic acid. To obtain the soluble or- 
ganic acids in good yields it appears to 
be essential first to degrade the coal struc- 
ture to units of the humic acid type and 
then to attack these individually in a 
homogeneous reaction. The behavior of 
oxidizing agents in an acid aqueous medium 
appears to parallel more closely the hetero- 
geneous gas-solid reaction of oxidizing 
gases on coal at elevated temperatures, 
where, except under very special circum- 
stances , 49 the formation of organic acids 
does not take place. It appears probable 
that this behavior is due to the very great 

4S See p. till of ref. 38. 

49 Fischer, Franz, Peters, K., and Cremer, W„ 
Brennstoff-Chem ., 14, 184-7 (1933). 
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insolubility of regenerated humic acids in 
acidic aqueous media.' Nitric acid consti- 
tutes a specific exception, probably be- 
cause, at least in the higher concentrations, 
humic acids are soluble. 

Oxidizing reactions carried out in acidic 
media have yielded only small amounts of 
definitely characterized products and un- 
fortunately much of the work has been 
entirely qualitative. 50 A good part of the 
investigations have dealt with graphite and 
various types of carbon rather than with 
coals, but they are of interest in a general 
way. 

It was found very early that, in addi- 
tion to producing carbon dioxide and sul- 
fur dioxide, concentrated sulfuric acid re- 
acted on coals and charcoal with the for- 
mation of small amounts of organic acids. 51 
Pyromellitic acid, 1,2,4,5-benzenetetra- 
carboxylic acid, was obtained in a 5 per- 
cent yield by distilling bituminous coal with 
concentrated sulfuric acid. 52 Wood char- 
coal heated with concentrated sulfuric acid 
at 300° C has been reported to yield 1 to 
2 percent of pyromellitic acid. A mixture 
of wood charcoal, concentrated sulfuric 
acid, and metallic mercury as a catalyst, 
when heated 5 to 6 hours at 290 to 315° C, 
was stated by Philippi and Thelen 53 to 
yield 6 to 7 percent of pyromellitic acid. 
These workers also found that “sulfuric 
acid carbons,” which were obtained by 
heating aliphatic bodies like cellulose with 
sulfuric acid, behaved the same and con- 
cluded that for the final appearance of 
benzenepolycarboxylic acids preformed ring 

so A review of the more important results has 
been made by O. Horn, Ges. Abhandl. Kenntnis 
Kohle , 9, 339-47 (1928-9). 

si Marchard, R. F., J. prakt. CJiem 35, 228-31 
(1845). 

52 Giraud, V., Bull. soc. chim., (3), 11, 389-91 
(1894). 

53 Philippi, E., and Thelen, R., Ann., 428, 296- 
300 (1922). Philippi, E., and Rie, G., ibid., 428, 
287-95 (1922). 


systems were not necessary. They ap- 
peared to overlook the possibility that ring 
systems might be formed during the pre- 
liminary carbonization. 

Although sulfuric acid reacts chiefly as 
an oxidizing agent, some sulfur is found in 
the oxidation product. However, sulfonic 
acid groups were shown not to be present, 
and for this reason early workers con- 
cluded 54 that there were no aromatic struc- 
tures in coal. The absence of sulfonic acid 
groups has been confirmed by the failure 
of more recent workers 55 to obtain signifi- 
cant amounts of phenolic bodies by the 
action of fused alkali on “sulfonated” coals. 
It is of interest to note that the reaction 
products of sulfuric acid on coal possess 
strong base-exchange properties. As is to 
be expected, it has been found that higher- 
rank coals such as anthracite are markedly 
less reactive toward sulfuric acid than bi- 
tuminous or brown coals. Interesting in- 
formation dealing with the action of sul- 
furic acid as an oxidizing agent on coal 
has arisen recently from the observation 
that, unless very prolonged boiling periods 
were employed, nitrogen determinations by 
the Kjeldahl method were low. Beet 5e 
traced this difficulty to the formation of 
very resistant pyridineearboxylic acids. 
After 72 hours of digestion, 20 percent of 
the nitrogen had not been converted to 
ammonium sulfate, and of this amount 
about a third was recovered as nitrogen- 
containing acids, which gave pyridine on 
heating and appeared to be largely nico- 
tinic acid. 

The reactions of carbon and of coals 
with mixtures of sulfuric acid with chro- 
mates, permanganates, and chlorates have 
been studied qualitatively bv a number of 

54 Pictet, A., and Bouvier, M., Ber., 46, 3342- 
53 (1913). 

55 Dept. Sc i. Ind. Research (Brit.), Fuel Re- 
search Board Kept., 193S, 51. 

56 Beet, A. E., Fuel, 19, 108-9 (1940). 
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zenecarboxylic acids. In view, however, of 
our very limited knowledge of the nature 
of these acids, it appears wiser for the time 
being merely to recognize that there lies 
between the regenerated humic acids and 
the crystalline, definitely charaeterizabie 
types, such as oxalic and the benzeneear- 
boxylic acids, a series of water-soluble 
acids of varying molecular complexity, 
characterized by colors ranging from red- 
dish brown to golden yellow, having lower 
equivalent and molecular weights than 
humic acids, showing for the greater part 
solubility in organic solvents like ether, 
alcohol, and acetone, diffusing through 
parchment or cellophane, either with or 
without an applied electrical potential, 
having ultimate compositions indicating 
cyclic nuclei, and having, like the humic 
adds, oxygen unaccounted for in either 
carboxyl or hydroxyl groups, but usually 
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perature is increased sufficiently, carbon- 
ize:!, residues. This behavior distinguishes 
them very sharply from the methyl esters 
of the benzeneca rboxy lie acids. 

The peculiar thermal behavior of these 
colored soluble acids, which are of inter- 
mediate complexity between the humic and 
the benzeneearboxvlie acids, indicates the 
presence in their nuclear structures of 
other than simple carbon rings. These 
may be five- or six-membered carbon rings 
with active double bonds or heterocyclic 
compounds. Peripheral polar groups, like 


hydroxyl or carboxyl, in special positions 
affect vapor pressure very greatly , 48 but 
methylation destroys such effects entirely 
so that the thermal instability of these 
compounds derived from coal cannot be 
accounted for by the presence of such 
groups. Investigations of the nature of 
the nuclear structure of these colored inter- 
mediate acids would be of great impor- 
tance. They are of sufficient complexity so 
that any facts established would be of sig- 
nificance, and yet they appear simple 
enough so that available tools could effect 
a successful attack. 

Oxidation in Acid Medium . Bituminous 
coals, or humic acids prepared from them, 
can be readily converted to these soluble 
acids by the action of such oxidizing agents 
as nitric acid, and aqueous solutions of 
permanganates, peroxides, and so forth, and 
molecular oxygen is an effective reagent on 
aqueous suspensions of coal at elevated 
temperatures and pressures. With the ex- 
ception of nitric acid, the use of these oxi- 
dizing agents in other than alkaline medium 
results in poor yields of the simpler soluble 
types of organic acids and the conversion 
of a large fraction of the carbon to car- 
bonic acid. To obtain the soluble or- 
ganic acids in good yields it appears to 
be essential first to degrade the coal struc- 
ture to units of the humic acid type and 
then to attack these individually in a 
homogeneous reaction. The behavior of 
oxidizing agents in an acid aqueous medium 
appears to parallel more closely the hetero- 
geneous gas-solid reaction of oxidizing 
gases on coal at elevated temperatures, 
where, except under very special circum- 
stances , 49 the formation of organic acids 
does not take place. It appears probable 
That this behavior is due to the very great 

■*£ See p. 1111 of ref. 38. 

49 Fischer, Franz, Peters, K., and Cremer, \V. t 
Bren n stoff-Ch em., 14* 184-7 (1933). 
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insolubility of regenerated humic acids in 
acidic aqueous media.' Nitric acid consti- 
tutes a specific exception, probably be- 
cause, at least in the higher concentrations, 
humic acids are soluble. 

Oxidizing reactions carried out in acidic 
media have yielded only small amounts of 
definitely characterized products and un- 
fortunately much of the work has been 
entirely qualitative. 50 A good part of the 
investigations have dealt with graphite and 
various types of carbon rather than with 
coals, but they are of interest in a general 
way. 

It was found very early that, in addi- 
tion to producing carbon dioxide and sul- 
fur dioxide, concentrated sulfuric acid re- 
acted on coals and charcoal with the for- 
mation of small amounts of organic acids. 51 
Pyromellitic acid, 1,2,4,5-benzenetetra- 
carboxylic acid, was obtained in a 5 per- 
cent yield by distilling bituminous coal with 
concentrated sulfuric acid. 52 Wood char- 
coal heated with concentrated sulfuric acid 
at 300° C has been reported to yield 1 to 
2 percent of pyromellitic acid. A mixture 
of wood charcoal, concentrated sulfuric 
acid, and metallic mercury as a catalyst, 
when heated 5 to 6 hours at 290 to 315° C, 
was stated by Philippi and Thelen 53 to 
yield 6 to 7 percent of pyromellitic acid. 
These workers also found that “sulfuric 
acid carbons,” which were obtained by 
heating aliphatic bodies like cellulose with 
sulfuric acid, behaved the same and con- 
cluded that for the final appearance of 
benzenepolycarboxylic acids preformed ring 

so A review of the more important results has 
been made by O. Horn, Ge$. AWiandl. Kenntnis 
KoJile , 9, 339-47 (1928-9). 

51 Marchard, R. F., J. pralct. Chem 35, 22S-31 
(1845). 

52 Giraud, V., Bull . soc. chim., (3), 11, 389-91 
(1894). 

53 Philippi, E., and Thelen. R., Ann., 428, 296- 
300 (1922). Philippi, E., and Rie, G., ibid., 428, 
2S7-95 (1922). 


systems were not necessary. They ap- 
peared to overlook the possibility that ring 
systems might be formed during the pre- 
liminary carbonization. 

Although sulfuric acid reacts chiefly as 
an oxidizing agent, some sulfur is found in 
the oxidation product. However, sulfonic 
acid groups were shown not to be present, 
and for this reason early workers con- 
cluded 54 that there were no aromatic struc- 
tures in coal. The absence of sulfonic acid 
groups has been confirmed by the failure 
of more recent workers 55 to obtain signifi- 
cant amounts of phenolic bodies by the 
action of fused alkali on “sulfonated” coals. 
It is of interest to note that the reaction 
products of sulfuric acid on coal possess 
strong base-exchange properties. As is to 
be expected, it has been found that higher- 
rank coals such as anthracite are markedly 
less reactive toward sulfuric acid than bi- 
tuminous or brown coals. Interesting in- 
formation dealing with the action of sul- 
furic acid as an oxidizing agent on coal 
has arisen recently from the observation 
that, unless very prolonged boiling periods 
were employed, nitrogen determinations by 
the Kjeldahl method were low. Beet 56 
traced this difficulty to the formation of 
very resistant pyridinecarboxylic acids. 
After 72 hours of digestion, 20 percent of 
the nitrogen had not been converted to 
ammonium sulfate, and of this amount 
about a third was recovered as nitrogen- 
containing acids, which gave pyridine on 
heating and appeared to be largely nico- 
tinic acid. 

The reactions of carbon and of coals 
with mixtures of sulfuric acid with chro- 
mates, permanganates, and chlorates have 
been studied qualitatively by a number of 

54 Pictet, A., and Botivier, M., Ber 46, 3342- 
53 (1913). 

55 Dept. ScL Ind. Best-arch l Brit.), Fuel Re- 
search Board Kept., 1933, 51. 

56 Beet, A. E., Fuel, 19, 108-9 (1940). 
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workers. 57 The chief products of oxida- 
tion reported are carbon dioxide and mon- 
oxide. A recent paper pointed 55 out the 
formation of negligible amounts of complex 
oxygen-containing compounds with acid 
permanganate. 

The action of sulfuric acid followed by 
hypohromite has been investigated 39 in 
some detail for a number of English coals. 
The first step in the oxidation was pic- 
tured as an attack on peripheral groups; 
the second, as reaction on condensed cyclic- 
systems: and the residual nuclei were 
stated to show, by all the tests applied, 
the same composition and properties. 

An early worker 00 found that Car os 
add, H 2 SCl, reacted with all "Kohler” very 
violently. Presumably carbon dioxide was 
the chief oxidation product. 

The action of halogens on coal is partly 
addition, partly substitution , 01 and, in the 
presence of aqueous alkali, strongly oxidiz- 
ing. 6 - A mixture of hydrochloric acid and 
potassium chlorate, Hofmeisters reagent, 
has been used in studying the relative ease 
of oxidation of various coals . 03 Aqueous 
solutions of sodium chlorate, activated with 
osmium tetroxide, have been reported 64 to 

c: Stracfce, H.„ and La at, R.. Kohlenchemie, 
Akademisehe Verlagsiresellsehaft. Leipzig. 1924. 
p. 305. Simon. L. J.. Compt. rend., ITS, 495-S 
s 19240 Flore n tin. D., Bull , soe. ehim., 35, 22S— 
SO (1924). Eeirand. ,T. F.. Compt. rend., ITS, 
1S22-4 *1924). Pe trick. A. J.. and Groesewoud. 
P.» J. € Lem. Met. Mining Soc. 8. Africa, 3S, 
370— S3 *1938). 

S3 Krenlen. D. J. W., Bren nstoff-Chem 10, 
397-400 (1929). 

sc* Pearson, A. E., J. Soe. Chem. Ind., 42, GS— 
72T ( 1923). 

60 Migault, W., Chcm.-Ztg., 34, 337 (1910). 

61 Stahlsehmidt, A.. Z. angeic. Chem., 12, 790 
(1899). Weller, J. F., Fuel, 14, 190-6 (1935). 
Cf. also Chapter S. 

62 Hofmann, K. A., $ chum pelt, K.„ and Ritter, 
K.. Ber., 46, 2854-64 (1913). 

os Francis, W.. and Morris, H. M., U. S. Bur. 
Mines, Bull. 340 (1931), 44 pp. 

04 Hofmann, K. A., Eiirhart, Q,, and Schneider, 
0., Ber., 46, 1665 (1913). 


react on a number of different types of 
carbon at 100° C with rapid formation of 
carbon dioxide, alkali-soluble products, and 
mellitic acid. No yields have been re- 
ported. Iodic acid was stated 65 to react 
on wood charcoal at 160, on bituminous 
coal and on coke at ISO, on anthracite at 
210, and on graphite at 240° C. Carbon 
dioxide was the only oxidation product re- 
ported. Diamond was not attacked at 
260 c C. A study has been made 66 of the 
action of chlorine dioxide on an Assam 
Tertiary coal from India. The analysis of 
this coal was: C 65.7, H 5.52, N 0.55, S 
2.2S, and 0 (by difference) 25.96 percent, 
respectively. The products of the oxida- 
tion were divided into water-soluble, ether- 
soluble, acetone-soluble, and residual ma- 
terial. Among the water-soluble products 
were found carbonic, oxalic, succinic, and 
maleic acids, benzoquinone and chloranil. 
The ether-soluble material was orange in 
color and was degraded further by fusion 
with potassium hydroxide at 180 to 200° C. 
In the soluble products from the fusion, 
oxalic, butyric, and maleic acids were iden- 
tified and color reactions were obtained 
for protoeatechuic acid. The insoluble 
products from the fusion were oxidized with 
alkaline permanganate, and the following 
acids were identified: acetic, butyric, ox- 
alic*, tartaric, hemimellitic, benzenepenta- 
carboxylic, and mellitic. The acetone-sol- 
uble and the residual material were treated 
in the same way, and the same acids were 
isolated. Benzoquinone, chloranil, maleic 
acid, and tartaric acid had not hitherto 
been reported among the breakdown prod- 
ucts of coal. 

Chlorosulfonic acid, HS0 3 C1, has been 

65 Ditte, A., Ber., 3, 325 (1870). 

66 CLowdhury, J. K., Bose, S. C., Karim, M. A., 
J. Indian Chem. 8oc., Ind. & News Ed., 3, 1-12 
(1940). 
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reported 67 to react with wood charcoal 
with the formation of carbon dioxide, car- 
bon monoxide, sulfur dioxide, and hydrogen 
chloride. Sulfuryl chloride, S0 2 C1 2 , was 
stated to be without reaction on “Kohle” 
even at 100° C. 

The action of ozone on bituminous coals 
deserves further investigation. Prolonged 
treatment of a finely ground, German 
(Westphalian) bituminous coal, suspended 
in water, at room temperature, has been 
shown 68 to convert 92 percent of the coal 
into water-soluble products. These were 
reported to be brown, acidic in reaction, 
and with a strong caramel odor. Other 
properties were not investigated. Less 
favorable results were obtained 69 by re- 
action in organic media, but glacial acetic 
acid was found more satisfactory than 
either chloroform or carbon tetrachloride. 

Many investigations dealing with the 
action of nitric acid on coals and various 
forms of carbon have been carried out. 
The early work with nitric acid, or with 
mixtures of nitric acid and oxidizing salts, 
like potassium chlorate, was aimed at dis- 
tinguishing between and classifying differ- 
ent carbonaceous materials such as lignite, 
coal, coke, amorphous carbon, wood, char- 
coal, and graphite. The products were 
merely examined qualitatively and de- 
scribed as yellow viscous liquids, humic 
acids, graphitic acids, and so forth, and in 
few experiments w r ere definitely character- 
ized products reported and in still fewer 
the amounts. 70 

Oxalic acid and trinitroresorcinol 71 have 
been reported in the oxidation products of 

67 Heumann, K., and Koehlin, P., Ber ., 15, 
416-20 (1882). 

68 Fischer, Franz, Ges. Abhandl. Kenntnis 
Kohle , 1, 26-9 (1915-6). 

69 Fischer, Franz, and Tropsch, H., ibid., 2, 
160-8 (1917). 

70 Berthelot, M. P. E., Ber., 2, 57-9 (1869). 

71 Guignet, E., Compt. rend., 88, 590-2 (1879). 


bituminous coal by concentrated nitric 
acid. 

Mellitic acid has been obtained by the 
action of fuming nitric acid and potas- 
sium chlorate on graphite. Oxidation of 
wood charcoal by fuming nitric acid and 
potassium chlorate was found 72 to give 
yields of approximately 25 percent by 
weight of the ammonium salt of mellitic 
acid, corresponding to 19.1 percent of the 
free acid, assuming the composition of the 
salt to have been (NH 4 ) 2 C 12 H 4 0 12 *4H 2 Q. 
A black amorphous intermediate oxidation 
product, resembling the “mellogen” of Bar- 
toli and Papasogli, 73 was converted by alka- 
line permanganate into a mixture of oxalic 
and mellitic acids. It was stated that coal 
under these oxidation conditions gave only 
small yields of mellitic acid. 74 

Donath and coworkers have studied the 
action of nitric acid on a variety of car- 
bonaceous materials. A part of this work 
was carried out to develop methods of dis- 
tinguishing between different ranks of coal 
and a part to establish the nature of the 
oxidation products. Nitric acid of specific 
gravity 1.055 was claimed to distinguish 
between brown and bituminous coals, the 
brown coal reacting strongly, the bitumi- 
nous being unattacked. 75 From brown 
coal the following compounds were iso- 
lated: oxalic acid, propionic acid, butyric 
acid, and caproic acid. A “nitro” product 
was also mentioned. These workers sug- 
gested that a nitroso compound was 
formed when nitric acid reacted with coal. 

The patent of Holliday and Silberrad 76 
claimed that mellitic acid could be pre- 

72 Dickson, G., and Easterfield, T. H., J. Chem. 
Soc. (Proc., p. 163), 1S9S. 

73 Bartoli, A., and Papasogli, G., Gazz. chim. 
ital., 12, 117-24 (1882). 

74 Compare ref. 106. 

75 Donatb, E., and Braunlich, F., Chem.-Ztg., 
28, 180-2, 953-4 (1904). 

76 Holliday, R., and Silberrad, O., Brit. Pat. 
24,662 (1908) ; Ger. Pat. 214,252 (1911). 
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pared in 90 percent yields by the action of 
nitric acid on charcoal. Later work 53 * 77 
has not substantiated this claim. Dimroth 
and Kerkovius 73 made an important con- 
tribution to our knowledge of the nature 
of the nitric acid oxidation products of 
carbonaceous materials by oxidizing char- 
coal with nitric acid, converting the acids 
to barium salts, and decarboxylating these 
salts by distillation with barium hydroxide. 
Benzene, naphthalene, and fiuorene were 
found in the resulting hydrocarbons. This 
discovery of fiuorene is the first and, to 
date, the only direct experimental evidence 
for the presence of condensed ring nuclei 
in the oxidation products of coals or car- 
bons. Meyer and Steiner 79 made both 
pyromeilitie and mellitic acids by oxida- 
tion of carbonaceous materials. The pyro- 
mellitic acid was prepared by distilling the 
raw reaction product obtained by heating 
charcoal and nitric arid with potassium 
arid sulfate. The yield was said to be 30 
percent, but the basis on which the yield 
was calculated was not specified. 

Mellitic acid in yields varying from 0 
to 40 percent was said 30 to be prepared 
by refluxing carbonaceous materials with 
nitric acid, specific gravity 1.51, to which 
small amounts, 0.2 to 0.5 percent, of 
vanadic acid were added as a catalyst. 
The best yields were obtained from pine 
and fir charcoal. Charcoal which had been 
heated to white heat was stated to give 
no mellitic acid, graphite only traces, and 
brown coal, bituminous coal, and “ Schun - 
git:' little or none. The amount of pure 
mellitic acid actually isolated was not 
stated, the yield of arid obtained being 

77 Juettner, B., J. Am. Chan. Soc.. 59, 20S-13 
(1937). 

“3 Dimroth, O,, and Kerkovius, B., Ann., 399, 
120-3 (1913). 

79 Meyer, H.. and Steiner, K.. Mannish., 35, 
391-405 (1914). 

so Meyer, H., and Steiner, K.. Monatsh., 35, 
4 75-5 IS 11914 K 


estimated from the weight of crude am- 
monium salt recovered, which was puri- 
fied by conversion to a copper salt. 

Marcusson 31 has studied the action of 
nitric acid of various concentrations on 
brown coal and found that approximately 
a third of the nitrogen added in the re- 
action could be split out again by refluxing 
with hydrochloric acid; for this reason he 
suggested that the nitric acid may have 
been held in oxonium structures. 

The oxidation products of regenerated 
humic acids have been studied by Francis 
and Wheeler. 42 These workers found that 
by the action of 30 percent nitric acid a 
yield of 25 percent of soluble acids, based 
on the humic acids, was obtained. Acetic, 
oxalic, succinic, picric, and pyromeilitie 
acids were definitely identified among the 
oxidation products, and trimellitic acid was 
thought to be present. Approximately 3 
percent of picric acid, based on the humic 
acids oxidized, was recovered. 

Fuchs and Stengel 82 have oxidized humic 
acids from Kassler brown coal, with 1 : 1 
nitric acid. The yield of soluble acids was 
643 grams from 900 grams of the humic 
acids, 71.5 percent, and after salt fraction- 
ation 645 grams of organic material was 
obtained; of this, 185 grams was recov- 
ered in the form of calcium salts insoluble 
in 1 : 1 hydrochloric or 1.85 A 7 nitric acid, 
25 grams as calcium oxalate, 395 grams as 
silver salt fractions, and 40 grams as nitro- 
phenols, the fractions based on the original 
humic acids being 20.5, 2.78, 43.9, and 4.45 
percent, respectively. The silver salt frac- 
tions were investigated by converting them 
to methyl esters by treatment with metha- 
nol and hydrogen chloride followed by di- 
azomethane. The total yield of esters was 

si Marcusson, J., Z. angew. Chern 34, 521-2 
i 1921). 

S 2 Fuchs, W. f and Stengel, W., Ann., 47S, 267- 
S3 (1930) 
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365 grams or 40.5 percent of the original 
humic acids. These were divided into 
ether-soluble and ether-insoluble fractions, 
the former being 20 percent, the latter 20.5 
percent. The ether-insoluble esters could 
not be distilled in high vacuum. Two dis- 
tillations of the ether-soluble material 
yielded 125 grams, 13.9 percent of the 
original humic acids. The following were 
identified with certainty: mellitic, benzene- 
pentacarboxylic, pyromellitic (1,2,4,5-ben- 
zenetetracarboxylic) , and trimesic (1,3,5- 
benzenetricarboxylic) acids. About 10 
grams of the ester of the penta acid 
and 5 grams of each of the others were 
isolated. Thus, the oxidation product 
found in greatest amount, benzenepenta- 
carboxylic acid, represented about 1 per- 
cent, and the total identified benzenecar- 
boxylic acids, 2.7 percent, of the weight of 
the starting material. The amount of 
picric acid present, calculated from the 
weight of acridine picrate recovered, was 
4.5 percent. 

Prolonged treatment of bituminous coal 
with even 1 N nitric acid at its normal 
boiling point results in the formation of 
considerable amounts of soluble acids. 83 
By oxidation of a Pittsburgh Seam coal 
with 1 N nitric acid for 32 days, 33 to 34 
grams of soluble acids per 100 grams of 
coal was formed. Of this amount some 
20 grams was found to be soluble in ether, 
acetone, or methanol. Methylation of the 
soluble acids with diazomethane, followed 
by distillation in a molecular fractionating 
still, up to bath temperatures of 300° C, 
yielded 10.8 grams of distillable esters per 
100 grams of coal. No pure compounds 
were isolated from the products of this 
fractionation. In other experiments using 
salt fractionation followed by esterification 
and fractional distillation, small amounts 

83 Juettner. B., Smith, R. C., and Howard, H. 
C., J. Am. Chem. Soc ., 59, 236-41 (1937). 


of mellitic and benzenepentacarboxylic 
acids were characterized as the methyl 
esters, 1 gram per 100 grams of coal of the 
former and 0.2 gram of the latter. In 
order to learn something of the nature of 
the nuclei of these acids, a 100-gram sam- 
ple was decarboxylated by the method of 
Fischer and Schrader, 84 and the hydro- 
carbons formed were recovered and exam- 
ined. About 9 grams of steam-volatile 
hydrocarbons was obtained. Of these, 40 
percent boiled in the benzene range; higher 
hydrocarbons were also found, and the 
bomb smelled strongly of cresol and aro- 
matic bases, and about 2.5 percent of a 
tarry residue, nonvolatile with steam but 
soluble in ether, was recovered from the 
bomb. All these facts point to the pres- 
ence, even in these soluble acids, of nuclei 
other than the simple benzene ring. The 
gas, approximately 20 liters of which w T as 
recovered from the decarboxylation of 100 
grams of these acids, consisted of 25 per- 
cent methane, 60 percent hydrogen, and 
small amounts of ethane and unsaturates. 
The presence of considerable amounts of 
the lower aliphatic hydrocarbons and hy- 
drogen in the decarboxylation gases would 
indicate the presence of such aliphatic acids 
as oxalic, malonic, and succinic. These, 
however, although easy to isolate, were not 
found: hence, it seems probable that these 
gaseous products were derived from the 
breakdown of acids of complex nuclei. 

Oxidation in Alkaline Medium . The 
most significant results obtained in the 
degradation of coal by oxidation reactions 
have been obtained in alkaline media. 
Rates of reaction in alkaline oxidizing 
media have also been shown S5 - 83 to be a 
useful criterion of rank. 

84 Fischer, Franz, and Schrader, H., Ges. Ah- 
Tiandl. Kenntnis Kotile, 5, 307-10 (1920). 

S5 Olin, H. L., and Waterman, W. W.. I ml. 
Eng. Chem,, 2S, 1024-5 (1936). 

86 Niyogi, B. B., Fuel , IT, 228-9 (1938). 
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Early work indicated the formation of 
organic acids by the action of alkaline per- 
manganate on various forms of carbon. 
Oxalic and mellitic acids were definitely 
identified. 87 Mellitic acid was shown to be 
one of the oxidation products of carbon 
anodes in alkaline electrolytes. Rods or 
plates made by carbonizing finely divided 
carbon, carbon black, retort carbon, or 
lampblack bound with tar were specified 
as suitable anodes. The reaction was lim- 
ited to alkaline media. 33 

Alkaline hypochlorites and hypobromites 
were used by early workers to oxidize 
various forms of carbon: carbon dioxide, 
oxalic acid, and mellitic acid have been re- 
ported among the oxidation products. 89 
Experiments 90 with sodium hypobromite 
have resulted in the isolation of 2,4,6-tri- 
bromophenoi and 2,4,6-tribromoaniline. 
The isolation of tribromoaniline is of spe- 
cial interest since it appears to be the first 
nitrogen compound, other than ammonia, 
to be isolated by oxidation. 

Donat h and coworkers in a study 91 on 
the oxidation of known compounds found 
that most organic compounds which con- 
tain two “ Kohlenwasserstcgreste ” furnish, 
preponderantly, oxalic acid when oxidized 
with alkaline permanganate. Brown and 
bituminous coals were shown to furnish 
copious amounts of this acid when oxidized 
in the same way. 92 

Franz Fischer and coworkers 53 have in- 

st Schulze, Fr„ Ber., 4, S02 (1871). 

ss Bartoli, A., and Pa pa so all. G.. Ber., 14, 
2241 <1S81), 15, 249 (1SS2), 1G, 1210 »1SS2). 
Lob, W., Z. Elektrochem 16, 613 (1910). 

S9 Bartoli, A., and Papasogli, G.. Gass. chim. 
ital., 15, 446-59 (1SS5). 

so Dept. Set. Ind. Research ( Brit .), Fuel Re- 
search Board Rept 1935, 32. 

siDonath, E., and Dietz, EL, J. prakt. Chem 
GO, 566-76 (1899). 

5 2 Donath, E.. and Margosehes, B. M., Chem. 
Ind., 35, 226-31 (1902). 

53 Fischer, Franz, Schrader, H., and Treibs, 
W., Ges. Abhandl Kenntnis Kohle, 5, 267-91 
(1920). 


vestigated the nature of the oxidation 
products formed by the action of air at 
elevated temperatures and pressures on 
aqueous suspensions of various coals. Since 
temperatures of 200 to 250° C were em- 
ployed in the oxidation, and since in this 
range the higher benzenecarboxylic acids 



Fig. 4. Autoclave for pressure oxidation of 
eoal with air. 94 

are not stable, the particular acids isolated 
cannot be considered significant. The iso- 
lation and definite characterization of acids 
with the benzene ring as a nucleus are, 
however, of importance in indicating the 
nature of the carbon skeleton of coals. 
Apparatus typical of that used is illustrated 
in Fig. 4. S4 Later developments incorpo- 
rated the compressor, in the autoclave itself. 
Many experiments were carried out to 
study the effects of such variables as tem- 
perature, oxygen partial pressure, rate of 
air flow, and time. Data typical of the 

94 Fischer, Franz, ibid., 4, 13-25 (1919). 
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results with a bituminous coal are given in duced the acids precipitable on acidifica- 
Table IV. tion. The total organic acids were also 

In oxidation I, a "mild” oxidation, 1,000 reduced from 4.S6 equivalents to 1.5. The 
grams of the finely divided Magerkohle, total amount of organic acids, based on the 
Floz Mausegatt, was suspended in 2.5 liters original coal, actually identified, was very 
of 2.5 N sodium carbonate, 6.25 equivalents, small, 3.56 grams per 100 grams of coal 

TABLE IV 


Oxidation of Aqueous Alkaline Suspensions of 
Coal with Oxygen at Elevated Pressures 93 

I II 


Insoluble residue 

202 grams 


Total organic acids 

4 . 86 equivalents 

1.5 equivalents 

Total steam-volatile acids 



Benzoic acid 

2 . 8 grams 

4 . 3 grams 

Acids precipitated by acidification 
Acids easily extracted from filtrate 

65 . 3 grams 

5 . 0 grams 

with ether 

148 grams 

20.0 grams 

Isophthalic acid 

2 . 68 grams Phthalic anhydride 

3.0 grams 

Phthalic acid 

Acids difficultly extracted with ether 

6. 12 grams Acids from difficultly 

soluble barium salts 

5 . 5 grams 

— Total 

Acids forming water-soluble calcium 

21.32 grams 


salts 

Acids forming insoluble calcium 

2 . 8 grams 


salts (chiefly oxalic acid) 

4 . 26 grams 


Benzenepentacarboxylic acid 

Acids forming calcium salts soluble 

4.66 grams 


in acetic acid 

Acids forming barium salts soluble 

6 . 0 grams 


in water 

1 . 7 grams 


Mellitic acid 

Copious amounts 



and was oxidized with air supplied at 60 dissolved, exclusive of mellitic acid, in ex- 
atmospheres, passed at the rate of 400 pertinent I and 1.30 grams per 100 grams 
liters per hour until 77.75 percent of the of dry coal in II. 

alkali Garbonate had been converted to It was found 95 that much better yields 
salts of organic acids. In oxidation II, a of benzenecarboxylie' acids could be ob- 

“strong” oxidation, conditions were the tained if the products from the pressure 

same, but the time of oxidation was in- oxidation were subjected to a ‘‘pressure 

creased to 68.5 hours. At the end of 26.5 heating” operation at 400° C- since '‘thereby 

hours all the carbonate had reacted and the polybasic acids were converted for the 

an additional 1.25 equivalent was added. greater part to isophthalic and benzoic 

It will be observed from the data in the acids and the latter can be recovered easily 

table that the longer oxidation period elim- 95 Fiseliei . FranZ; and SchradCT> H „ Gee. Ab- 
mated the unattacked residue and re- handi. Kenntnia Konie , 5, 200-10 ( 1920 ). 
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from solution/’ By this means the amount 
of acids actually characterized was greatly 
increased. The total amount of aromatic 
acids — only benzoic and isophthalic acids 
were found after this treatment — reached a 
maximum of 11.92 grams per 100 grams 
of dry. ash-free coal dissolved in a 200 s C 
oxidation followed by a 400 c C pressure 
heating treatment. Although these acids 
represent only a small fraction of the car- 
bon in the coal, the work definitely estab- 
lished the presence of aromatic structures 
in bituminous coal. There is some question, 
however, whether the pressure heating 
treatment is only a decarboxylation of the 
higher to the lower benzenecarboxvlic acids. 
A yield of $.67 grams of benzoic and 3.25 
grams of isophthalic acids, if decarboxvl- 
:tion of the higher acids is the only reaction 


involved, means that there must have been 
present some 26.9 grams of benzenepenta- 
carboxylic acid or 31.0 grams of mellitic 
acid. /Mellitic acid is especially easy to iso- 
late through its ammonium salt, and the 
penta acid is not difficult. It therefore 
seems highly improbable that the relatively 
large yields of isophthalic and benzoic acids 
reported depend entirely upon a simple de- 
carboxylation of higher acids. 

The results of pressure oxidation and 
pressure heating experiments 96 on cellu- 
lose, lignin, and brown and bituminous 
coals are summarized in Table V. As was 
to be expected, cellulose furnished aliphatic 
acids, and *lignin, brown coal, and bitumi- 
nous coals, mixtures of aliphatic and aro- 
se Fischer, Franz, Ges. Abhandl. Kenntnis 
Kohle, S, 371— S3 (1924-7). 


TABLE V 

Pressure Oxidation’ of Various Materials 96 



Volatile 

Nonvolatile 


Acids 


Acids * 

Acids * 


Identified * 


percent 

percent 

percent 


Cellulose 

2S 

14 

0.7 

Fumaric 

Maleic 




5.0 

Oxalic 

Lignin 

11 

34 

0.3 

Mellitic 




3.7 

Benzenepentacarboxylic 




7.2 

Oxalic 

Brown coal 

14 

34 


Mellitic 

Benzenepentacarboxylic 

Pyromellitic 

o-Phthalic 

Benzoic 

Bituminous coal 

Not 

30 

0.58 

Benzenepentacarboxylic 


termined 


0.93 

Trimesie 

Phthalie 




0.33 

Isophthalic 




0.35 

Benzoic 




11.00 

Benzoic and phthalie 


* The figures for volatile and nonvolatile acids were stated to be approximate. The 11.00 percent 
of benzoic plus phthalie acids was obtained by pressure oxidation followed by pressure heating. 
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matic acids. Fischer and Schrader 97 re- 
garded the fact that the bituminous coals 
yielded significant amounts of aromatic 
acids on oxidation as evidence for the point 
of view that such coals are derived from lig- 
nin, since in parallel oxidation experiments 
aromatic acids were recovered from it but 
not from cellulose. It has recently been 
shown, 9S however, that, during the thermal 
decomposition of cellulose, C 6 ring struc- 
tures are formed rapidly at moderate tem- 
peratures. Hence, the establishment of the 
presence of aromatic structures in bitumi- 
nous coal does not necessarily exclude cel- 
lulose as a progenitor of such coals. 

Bone and coworkers have published a 
number of important papers 22 » "» 100 > 101 
dealing with the action of alkaline perman- 
ganate on a series of coals and related sub- 
stances. In the early work, the oxidation 
was carried out under pressure at higher 
than normal boiling temperatures; in the 
later work, in open vessels. The finely 
ground material was suspended in aqueous 
potassium hydroxide, the ratio of alkali to 
substance to be oxidized being 1.6, and solid 
potassium permanganate was added in 
small portions at a time to the boiling sus- 
pension. The amount of permanganate 
added determined the extent of the oxida- 
tion. With benzene extraction residues 102 
from bituminous coals a permanganate ratio 

97 See pp. 208, 551 of ref. 95 and p. 373 of 
ref. 96. 

9S Smith, R. C., and Howard, H. C. T J. Am. 
Chem. Soc ., 59, 234-6 (1937). See also Berl, 
E., and Koerber, W., Ind. Eng. Chem 32, 676—7 
(1940). 

99 Bone, W. A., and Quarendon, R., Proo. Roy. 
Soc. (London), 110A, 537-42 (1926). 

100 Bone, W. A., Parsons, L. G. B., Sapiro, R. 
H., and Groocock, C. M., ibid., 148A, 492-522 
(1935). 

101 Bone, W. A., and Bard, B. J. A., ibid., 
162 A, 495-501 (1937). 

102 It was stated that the residues from ben- 
zene extractions were used to facilitate the oxi- 
dation, but that similar results were obtained 
with the whole coal. 


of approximately 8 was found to convert 
the residue to water-soluble acids. Some- 
what higher ratios, up to 12, were actually 
employed. 

Quantitative determinations were made 
of the distribution of the carbon among 
the oxidation products, and a number of 
the acids were isolated and definitely 
characterized. Typical data on carbon dis- 
tributions are given in Table VI. Although 
not so stated, the fraction of the carbon 
classified as “benzenecarboxylic” was a dif- 
ference quantity and represented that frac- 
tion of the carbon not found in such simple 
readily determinable forms as acetic, oxalic, 
or carbonic acids. These acids are prob- 
ably “benzenoid,” but only a fraction are 
of the benzenecarboxylic series. 

In an earlier paper, 103 it was concluded 
erroneously that the fraction of the carbon 
appearing as benzenoid acids was the same 
regardless of the rank of the coal. This 
was corrected in a later paper, 104 and the 
relation between benzenoid carbon and 
rank, evident from the above data, is one 
of the most important relations which has 
been brought out by oxidation studies. 

The isolation of all the benzenecarboxylic 
acids except benzoic was reported. Un- 
fortunately, no statement was made as to 
the purity or the amounts isolated in any 
except the first paper, where the isolation 
of 1.6 grams of mellitie acid per 100 grams 
of coal substance was reported. In view 
of later work it seems probable that the 
recovery of any individual acid never 
amounted to more than a few grams per 
100 grams of coal substance and often it 
was probably less than 1 gram per 100 
grams. The inference which the reader is 
likely to make from the carbon balance 
data, that up to 46 percent of the carbon 
of a bituminous coal, for example, can be 

103 See p. 493 of ref. 22. 

104 See p. 514 of ref. 100. 
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TABLE VI 


Carbon Distribution among Acids Formed by Alkaline 
Permanganate Oxidation of Various Substances 100 

Brown Coals 

and Bituminous 


Percent of carbon as: 

Lignin 

Peats 

Lignites 

Coals 

Anthracites 

Carbonic acid 

57-60 

49-61 

45-57 

36-42 

43 

Acetic acid 

2. 7-6.0 

3. 1-5.6 

3. 0-7. 5 

1.7-4. 6 

2 

Oxalic acid 

21-22 

15-28 

9-23 

13-14 

7 

Ben zeneca rboxyiie 
acids * 

11.8-15.8 

10-25 

22-34 

39-46 

50 


* These workers used the terms ‘‘benzeneearboxylie acids” and “benzenoid acids” interchangeably. 
These aeids are probably ‘'benzenoid,” but only a part are the simple acids consisting merely of a 
benzene nucleus and carboxyl groups. 


recovered as a mixture of benzeneearbox- 
ylie acids, is erroneous. Such a recovery 
would amount to approximately 90 grams 
of benzeneearboxylie aeids per 100 grams 
of coal substance, assuming the average 
content of 50 percent carbon reported for 
the mixed acids, and it seems incredible 
that, if we were dealing simply with a mix- 
ture of the benzeneearboxylie acids, the re- 
coveries should be only a few grains per 100 
grams of coal. Furthermore, general criteria 
for the benzeneearboxylie acid series can be 
applied to these mixed acids. All benzene- 
carboxylic aeids yield benzene on decar- 
boxylation, and the methyl esters of all 
are stable and can be easily distilled. The 
yields of benzene on decarboxylation of the 
mixed acids are about a third those which 
would be obtained if we were dealing with 
a mixture of benzeneearboxylie acids, and, 
along with the benzene, are obtained ben- 
zene homologs and phenolic compounds in- 
dicating the presence of more complicated 
cyclic structures. The papers of Bone and 
coworkers, as well as later investigators, 105 
have indicated that a large fraction of the 
methyl esters of these mixed acids is not 
distillable even under conditions where the 

ids Jae tuner, B., Smith, R. C., and Howard, 
H. C., J. Am. Chem. Sac., 50, 236-41 (1937). 


methyl ester of the benzeneearboxylie acid 
of highest molecular weight, hexamethyl 
meditate, distils rapidly and without de- 
composition. 

Oxidation of a Pittsburgh Seam bitumi- 
nous coal and its 500° C coke, with alkaline 
permanganate, 103 gave the distribution of 
the carbon among the various oxidation 
products shown in Table VII. More than 
90 percent of the carbon of the coal was 
recovered as water-soluble acids; the bal- 
ance was lost either as volatile compounds 
during the oxidation process or remained 
unattacked. The free acids were recovered 
either by electrolytic decomposition of the 

TABLE VII 

Carbon Distribution among Oxidation 
Products of a Pittsburgh Seam Coal and 
Its 500° C Coke 105 


Pittsburgh 

500° C 

Seam Coal 

Coke 

Percent of carbon as: 



Carbonate 

45.0 

40.7 

Acetate 

2.2 

1.6 

Oxalate 

15.0 

11.6 

Salts of aromatic acids 

30.8 

37.1 

Total carbon recovered 



as alkali salts, per- 



cent 

93.0 

91.0 
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salts in a three-compartment cell or by 
continuous liquid-phase extraction. The 
recovery of "aromatic” carbon by electroly- 
sis was approximately 95 percent of that 
indicated to be present by analysis of the 
salts. 

Conversion of the acids from a Pitts- 
burgh Seam coal to their methyl esters 
and fractionation of these esters in vacuum 
resulted in the isolation of only one crystal- 
line compound, dimethyl oxalate. Salt 
fractionation, followed by esterification and 
vacuum fractional distillation, resulted in 
the isolation of small amounts, less than a 
gram per 100 grams of coal, of the methyl 
esters of mellitic, pentacarboxylic, and ter- 
ephthalic acids. Somewhat greater amounts 
were obtained from the acids from the 
500° C coke. In conclusion it was stated 
that “a significant fraction, 50 to 60 per- 
cent, of the nonvolatile acids formed by 
alkaline permanganate oxidation of this 
coal and its 500° C coke, is aromatic. We 
have, however, found no evidence that any 
considerable amount of simple benzenoid 
acids is present.” 

A study 106 has been made of the effect 
of various oxidation procedures on the 
yields of mellitic acid from coals, cokes, 
and graphite. The amounts of mellitic acid 
formed, based on the weight of ammonium 
salt recovered, by various oxidation pro- 
cedures on a 500° C coke were as follows: 
prolonged boiling, 286 hours, with alkaline 
permanganate, 3.37 grams; 336 hours re- 
fluxing with nitric acid (specific gravity, 
1.5), 7.25 grams; nitric acid followed by 
alkaline permanganate, 11.9 grams; nitric 
acid followed by acid permanganate and 
then by alkaline permanganate, 10.9 grams. 
There was evidently little to choose be- 
tween the last two procedures from the 
standpoint of yield, but the nitric acid plus 

106 Juettner, B., J. Am. Chem. Soc.j 59, 208— 
13, 1472-4 (1937). 


alkaline permanganate procedure was 
adopted because of simplicity. The repro- 
ducibility was shown to be satisfactory, the 
total acids recovered by electrolysis in 
three oxidations on a 500° C coke, from a 
Pittsburgh Seam coal, being 29.7, 30.8, and 
28.S grams per 100 grams of coke, and the 
mellitic acid 11.9, 11.5, and 11.5 grams. 
The results of the application of this meth- 
od to a series of carbonaceous materials 
are shown in Table YHI. 

In the series from Illinois coal to natural 
graphite there is a general increase in the 
yield of mellitic acid with rank. Mellitic 
acid can be formed only by oxidation of 
condensed carbocyclic structures, of which 
the simplest which has been shown to fur- 
nish mellitic acid on oxidation is 


A 

S 

A 


H 

\/ 


triphenyiene 


or of compounds having a benzene ring 
completely alkylated such as 


CH S 

j 

i 

H 3 C— A^- ch 3 

HsC-y-CHa 

I 

CHs 


hexamethylbenzene 


or of mixtures of these two types of com- 
pounds. Since both ultimate composition 
and behavior on pyrolysis indicate a de- 
crease rather than an increase in aliphatic 
structures in higher-rank materials (none 
at all is, of course, present in graphite), the 
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TABLE VIII 

Data on Oxidations by Nitric Acid Followed by Alkaline Permanganate 10t 

Total Acids 



Carbon 

Residue after 
Nitric Acid 

after 

Permanganate 

Mellitic 

Acid 

Materials * 

per 100 Grams 

Oxidation 

Oxidation 

Recovered 


grams 

grams 

grams 

grams 

Illinois No. 6 Seam coal 

Coals and Graphite 

69.50 68.0 

19.3 

4.3 

Pittsburgh Seam coal 

78.27 

70.1 

28.1 

5.5 

High Splint Seam coal 

7S.70 

53.2 

14.4 

5.0 

Pocahontas No. 3 Seam coal 

So. 10 

92.4 

25.8 

10.9 

Anthracite coal 

S2.S7 

77.2 

32.6 

17.7 

Natural graphite 

97.40 

78.5 

26.9 

21.7 | 

Illinois No. 6 Seam 

1,000~ C Cokes 

83.78 52.3 

26.2 

19.4 

Pittsburgh Seam 

86.74 

50.9 

29.4 

22.5 

High Splint Seam 

S9.96 

48.1 

28.3 

20.8 

Pocahontas No. 3 Seam 

88.68 

49.5 

30.5 

22.1 

Anthracite 

87.73 

48.6 

26.1 

19. S 

Pittsburgh Seam, 500' C 

Other Cokes and Chars 

SO. 17 95.5 

29.7 

11.9 

Pittsburgh Seam, 700 : C 

79.80 

79.4 

39.7 

24.1 

Domestic coke 

84.23 

46.6 

27.5 

19.8 

Metallurgical cuk e 

80.28 

48.3 

27.2 

17.9 

Cellulose char, LOO) 5 

91.59 

39.5 

30.0 

24.8 

Active carbon 

83.10 

39.0 

33.1 

19.7 

Carbon black 

93.91 

56.5 

42.9 

32.2 

Petroleum coke 

92.31 

139.6 

49.9 

20.7 

Coke from low-temperature 
700" C i 

pitch, 

SS.05 

99.2 

47.3 

22.9 

Pitch from low-temperature tar 

Pitches and Known 
§ 83.52 

Compounds 

84.5 

22.0 

4.1 

Pitch from high-temperature tai 

91.52 

135.5 

23.0 

7.9 

Triphenylene 

94.70 

169.6 

77.8 

67.2 

Hexaethvlbenzene 

S7.72 

11.0 

2.9 

0.0 


* 1 00 grams used in each ease, 
f 7.6 grams of unoxidized graphite remained. 

t Prepared by carbonizing the pitch from the low-temperature tar at 700° C. 

§ The residue remaining at 400 s O from the distillation of tar from a low-temperature carboniza- 
tion process. 

:i The residue remaining at 4©0 e C from the distillation of tar from a high-temperature carboniza- 
tion process. 
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most reasonable interpretation of the in- 
creased yield of mellitic acid with rank is 
that it reflects an increase in the amount 
of condensed carbocyclic structures in the 
higher-rank materials. It is obvious, how- 
ever, that there will be a certain structure 
from which the maximum yield of mellitic 
acid would be expected. From triphenyl- 
ene, 12 out of the 18 carbon atoms present 
in the hydrocarbon could appear in mel- 
litic acid. From coronene, the maximum 
would be 12 out of 24, and with larger con- 
densed structures the fraction of the car- 
bon appearing as mellitic acid would be- 
come smaller and smaller until such a size 
was reached that conceivably the oxidation 
would effect a scission and more than one 
molecule of mellitic acid could be formed 
per molecule of hydrocarbon. 

The general similarity of the yields of 
mellitic acid from the 1,000° C cokes indi- 
cates that at this temperature all specific 
characteristic structural differences of the 
original substance are eliminated. 

The results of oxidation of a Pittsburgh 
Seam coal and of cokes prepared from it 
at 500, 700, and 1,000° C show a greatly 
increased yield of mellitic acid from coke 
carbonized at 700° C as compared with the 
raw coal, but little change between 700 and 
1,000° C. The rapid change up to 700° 
may be due not only to formation of con 
densed carbocyclic from aliphatic and 
heterocyclic structures but also to the con- 
version of hydroaromatic to aromatic rings 
by loss of hydrogen. 

The yield of mellitic acid obtained from 
a high-rank coal such as anthracite indi- 
cates a degree of condensation of the same 
order as a coke prepared by heating a 
bituminous coal to at least 700° C. The 
relatively small increase in yield of mel- 
litic acid obtained by oxidation of anthra- 
cite which had been heated to 1,000° C as 
compared with the unheated coal also indi- 


cates that a very complete degree of con- 
densation to carbocyclic structures has been 
reached in the anthracite. 

The high yields of mellitic acid from 
domestic and metallurgical cokes, carbon 
black, petroleum coke, and coke from low- 
temperature pitch all reflect a structure 
consistent with the temperatures of their 
preparation. The exceptional yield from 
carbon black is probably related to its very 
small crystal size. It appears likely that 
the attack in the individual planes in a 
graphitic structure is largely peripheral, 
with the formation of carbon dioxide ex- 
clusively, so that only one molecule of 
mellitic acid would be obtained from that 
part of any given plane in which all the 
carbon atoms are connected by primary 
valence forces. Obviously, the smaller 
such a unit, the greater the fraction of the 
carbon appearing as mellitic acid and the 
less as carbon dioxide. 

The pitches gave rather poor yields of 
mellitic acid, owing, no doubt, to their 
rather small content of molecules of either 
condensed carbocyclic or substituted carbo- 
cyclic structures of proper configuration. 
The lower yield from the low-temperature 
pitch may be ascribed to its higher hydro- 
aromatic content. 

The yield of mellitic acid from triphenyl- 
ene, the simplest purely cyclic structure 
from which it has been prepared, was 44.S 
percent of theory. Hexaethylbenzene, by 
this oxidation procedure, formed carbon 
dioxide almost exclusively, and no mellitic 
acid was recovered. 

This work on the relation between the 
yield of mellitic acid and the rank of car- 
bonaceous materials represents one of the 
most important contributions to our knowl- 
edge of coal which has been made by oxi- 
dation studies. An equally important step 
would be the determination of the amounts 
and the nature of the other aromatic acids 
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formed. These, in the lower-rank carbo- 
naceous materials, constitute a greater frac- 
tion of the oxidation products than mellitie 
acid. 

Interesting work with this end in view, 
dealing with the action of alkaline perman- 
ganate on some Australian coals, has been 
published. 107 The coal used was Austra- 
lian ‘‘Proprietary/’ with the following 
properties: moisture 22.7, ash on dry basis 
7.25, and volatile matter at 900° C on dry, 
ash-free basis, 31.65 percent. The ultimate 
composition on the dry, ash-free basis was: 
C 78.65, H 3.95, X *1.40, S 0.30, and O 
(difference) 15.7 percent. The coal was 
stated to be unusually rich in iusain. 

The general procedure in the oxidation 
was the same as that of Bone and co- 
workers. An alkali-coal ratio of 1.6 was 
used and a permanganate-coal ratio of 10.4, 
both on the basis of dry, ash-free coal. 
Conversion of the figures to the ash-free- 
coal basis shows that the total yield of dry, 

107 Kent, C. R.. Fuel, 19, 119-25 (1940). 


crude acids recovered from the oxidation 
was 67.0 grams per 100 grams of coal. 
Esterification yielded 56.7 grams of methyl 
esters. From these, after dilution with 
ethanol and standing for several weeks, 
there separated 5.12 grams of crystalline 
esters. The balance of the esters was frae- 
tioned in high vacuum and yielded 23.5 
grams in ten fractions up to 241° C, at 
which temperature there was incipient de- 
composition. The results of the separation 
are given in Table IX. All the figures have 
been converted to grams of acids per 100 
grams of dry, ash-free coal. The total 
amount of benzenecarboxylic acids sepa- 
rated and definitely identified from this 
coal was 26.38 grams per 100 grams of 
dry, ash-free coal. The large amounts of 
tri, tetra, and penta acids, 80 percent of 
the total identified, indicated that, in this 
coal, structures consisting of benzene rings 
with three, four, or five carbon atoms at- 
tached predominated. The large amount 
of fusain may be responsible for the con- 


TABLE IX 

Oxidation’ Products of ax Australian Coal 107 
.grams per 100 grams of dry, ash-free coal) 


lie Adds Benzenecarboxylic Acids * 



Di- 


T 

ri- 


Tetra- 


Penta- 

Hexa- 

Q 

m 

P 

1,2,3 

1,2,4 

1,2, 3,4 

l^.S.o 

1,2, 4, 5 

Mixed 

esters before disdlla- ; 
lion 



M 

i 

.... 

1 

0.03 




2.46 

0.39 

From fractional distil- : 0.29 •; 0.03 0.S1 

iation of esters 

0.42 

0.10 

k 1.30 

i 

1 3.30 

1 

0.56 

1.70 

0.20 

3.23 



Crystallized from non- . — * — .... 

distillable residue \ 

i 

1 


j"” 

! 






8.38 

3.12 

Totals : 0.29 ! 0.09 ; 

: 1 I 

1.33 


60 


5. 

72 


10.84 

3.51 


* These acids are named as follows: dic-arboxylic — phthalie ( o ), isophthalie (m), terephthalic ( p ) ; 
tricarboxylic — hemimellitie (1.2,3), trimellitic (1,2,4) ; tetraear boxy 11c — prehnitic (1,2, 3, 4), mello- 
phanie (1,2,3, 5), pyromellitic (1,2, 4,5) ; pentaearboxylic ; Lexacarboxylic — mellitie. 
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siderable fraction of penta and mellitic 
acids recovered. Fusain has a sufficiently 
high carbon-hydrogen ratio to indicate a 
highly condensed cyclic structure. In tri- 
phenylene the atomic ratio is 1.5; in the 
fusain from this Australian coal it is 1.84. 

A comparison of the distribution of the 
carbon among the oxidation products of 
this coal — 41.5 percent as C0 2 ; 0.3 percent 
as acetic, acid; 7.3 percent as oxalic acid; 
and 50 percent as aromatic acids — -with 
Bone's data for the lignin, peat, anthracite 
series shows that the data for this Aus- 
tralian coal do not readily fit into the 
series. The high benzenoid carbon and low 
oxalate correspond most nearly with an- 
thracite. As the author suggests, the ob- 
served anomaly may well be due to the 
presence of considerable fusain in the Aus- 
tralian coal. 

The action of oxygen, at elevated tem- 
peratures, on aqueous alkaline suspensions 
of a number of coals and related carbo- 
naceous materials has been studied. 108 
Temperatures from 100 to 250° C and oxy- 
gen partial pressures of 100 to 375 pounds 
per square inch, 7 to 25 atmospheres, were 
investigated. Below 225° C, the reaction 
rate was found to be very slow. The ap- 
paratus used is shown in Fig. 5. Sufficient 
alkali was employed to absorb all the car- 
bon dioxide formed, and a constant partial 
pressure of oxygen was furnished from a 
pressure cylinder. The rate of formation 
of the various oxidation products was simi- 
lar to that observed with nitric acid. An 
increase in area of gas-liquid interface, by 
the introduction of packing material into 
the bomb, was found to increase signifi- 
cantly the reaction rate in early stages of 
the degradation. The substitution of so- 
dium hydroxide for potassium hydroxide 

108 Smith, R. C., Tomarelli, R. C., and Howard, 
H. C., J. Am. Chem. Soc ., 61, 2398-402 (1939). 


had an adverse effect on reaction rate, 
probably owing to differences in solubility 
of the sodium and potassium salts of the 
primary oxidation products. The rate was 
very slow with calcium hydroxide alone, 



Fig. 5. Apparatus for oxidation of bituminous 
coal to organic acids by oxygen at elevated tem- 
peratures and pressures.- 03 


but a large part of the potassium hydrox- 
ide could be replaced by calcium hydroxide 
without adverse effect. Tests on some 
twenty different oxidation catalysts indi- 
cated positive effects only with copper and 
cobalt salts. These catalysts appeared to 
have little effect on the rate of initial oxi- 
dation but accelerated markedly the con- 
version of the soluble acids to carbon diox- 
ide and water. The distribution of the 
carbon among the oxidation products for 
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a number of oxidations at 225° 0 and 600 
pounds total pressure is summarized in 
Table X. 

Bituminous and anthracite coals and low- 
temperature coke could be oxidized com- 
pletely to carbon dioxide and water or to 
any desired intermediate stage. The 700" C 
coke, high-temperature coke, graphite, and 
pitch were incompletely oxidized, 50 to 60 


and the graphite incompletely attacked. 
This indicates the very different courses 
which an oxidation may take with different 
carbonaceous materials and emphasizes the 
necessity for caution in using a reactivity 
test which depends only on measurement 
of the rate of carbon dioxide formation. 

The usual methods of salt fractionation, 
esterification, and fractional distillation of 


TABLE X 115 


Oxidations of Aqueous Alkaline Suspensions of 
Carbonaceous Materials with Oxygen at Elevated Pressures * 


Ratio of 
Carbon- 



Total 

Carbon- 


“ Aro- 

ate Carbon 

Carbon- 

‘‘Aro- 


Soluble 

ate 

Oxalate 

matic' ’ 

to Soluble 

ate 

matic” 


Carbon 

Carbon 

Carbon 

Carbon 

Carbon 

Carbon 

Carbon 


perc ent 

percent 

percent 

percent 


grams 

grams 

Illinois No. 6 Seam coal 

100.2 

5S.1 

9.33 

32.8 

0.58 

20.3 

11.4 

Pittsburgh Seam coal 

os.s 

49.7 

12.90 

36.2 

0.50 

19.2 

14.0 

High Splint Seam coal 

102.2 

57.7 

$.03 

36.5 

0.56 

22 . 7 

14.3 

Pocahontas No. 3 Seam 







coal 

100.0 

57.0 

4.50 

39.1 

0.52 

24.2 

16.6 

Anthracite e* a! 

100. o 

59.3 

3.40 

37. S 

0.59 

24.5 

15.6 

500 " C coke 

99.0 

61.3 

5.20 

33.0 

0.62 

24.5 

13.2 

700 - U coke 

So . 5 

59 .$ 

4.15 

21.5 

0.71 

24.6 

8.2 

High-t empei ature coke 

72 .7 

63.1 

2.90 

6.7 

0.S7 

25.6 

2.7 

Graphite ; 40 grams 

62 . 1 

57.9 

1.90 

2.3 

0.92 

2S.S 

1.1 

Pitch 30 grams 

SO . 5 

44.0 

6.45 

30.0 

0.55 

12.0 

8.2 

s The sources of these 

materials a: 

re In 

Table VIII. 






percent of the carbon appearing as carbon 
dioxide and much smaller amounts of or- 
ganic acids being recovered. With graphite, 
no significant amount of organic acid was 
obtained because mellitic acid, the princi- 
pal organic acid formed from the oxidation 
of graphite, was found to be unstable under 
the conditions of this oxidation. It is 
interesting to note that under the same 
conditions approximately a third more 
carbon dioxide was evolved from the un- 
reaetive graphite than from the low-rank 
reactive Illinois coal, although the coal was 
completely converted to soluble products 


tiie esters were applied in separating the 
acids. Oxalic, trimellitie, pvromellitic, 
prehnitic, and terephthalie acids were iden- 
tified. The trimellitie acid appeared to 
predominate. The absence of pentacar- 
boxylic and mellitic acids teas ascribed to 
their partial decarboxylation at the tem- 
perature employed. As in the work with 
alkaline permanganate, it was found that a 
significant fraction of the esters could not 
be distilled under conditions where the 
least volatile of the esters of the benzene- 
carboxylic acids, the hexamethyl mellitate, 
distils rapidly, thus indicating the presence 



COMPLEX SOLUBLE ACIDS 


375 


of acids other than those with a simple 
benzene nucleus. 

Oxidation of Petrographic Constituents. 
The whole problem of the nature of the 
oxidation products of the petrographic 
constituents should be investigated com- 
pletely. One study, 101 using alkaline per- 
manganate on a series of “bright,” “dull,” 
and “fusain” samples from British coals, 
has indicated little difference in the distri- 
bution of the carbon among the oxidation 
products. In general, the samples of “dull” 
coal showed a somewhat higher fraction of 
carbon as benzenoid acids and a lower yield 
of oxalate. Results for two fusains gave 
lower results for benzenoid carbon than was 
noted for the samples of bright coal. It 
was stated that, “while their resistance to 
oxidation markedly increased in the order 
‘bright’ — » 'dull’ — » 'fusain,’ no great differ- 
ence was observable either qualitatively, as 
between the resultant products, or quanti- 
tatively, as regards the distributions of the 
original carbon between them, save only 
that the percentage yielded as carbon diox- 
ide, by 'fusain,’ was always materially 
greater than that yielded by either of the 
other two constituents.” 

Samples of Illinois fusain, oxidized by 
nitric acid and alkaline permanganate, 
have yielded 10 an average of 27 grams mel- 
litic acid per 100 grams of fusain, and frac- 
tional distillation data on the methyl esters 
of the other acids have indicated a pre- 
dominating amount of the penta acid. 
The oxidation products of this fusain 
sample correspond to a structure with a 
high degree of condensation to six-mem- 
bered rings. This is in accord with the 
view that fusain has been formed at a con- 
siderably higher temperature than the bulk 
of the coal. 

Complex Soluble Acids. The nature of 
the highly colored soluble acids formed in 
the mild oxidation of “regenerated humic 


acids” has recently been investigated. 18 
Humic acids of definite composition pre- 
pared by the action of air at elevated 
temperatures were further oxidized in alka- 
line permanganate, using a permanganate : 
humic acid ratio of 2.5. About 50 percent 
of the humic acids was converted to red- 
dish brown water-soluble acids. Small 
amounts of oxalic and mellitic acids were 
isolated, but the yields were not stated. 
The mixture of acids was converted to 
methyl esters, but it was found that only 
a small proportion of these could be dis- 
tilled even at 250 5 C under a pressure of 
0.01 millimeter. Fractionation of the esters 
with solvents showed less than S percent 
soluble in petroleum ether; from this frac- 
tion, dimethyl oxalate and hexamethyl mel- 
litate were isolated; 82 percent was insol- 
uble in petroleum ether but soluble in ben- 
zene, and the balance was insoluble in 
benzene. The composition of the benzene- 
soluble esters was carbon 5S.S6 and hydro- 
gen 4.9 percent; and the atomic ratio of 
carbon to hydrogen was unity. This car- 
bon-hydrogen ratio is exactly that for the 
methyl esters of the benzeneearboxvlic acid 
series, and the carbon and hydrogen content 
corresponds to a mixture of approximately 
one-third of the dimethyl and two-thirds 
of the trimethyl esters of the corresponding 
benzeneearboxvlic acids. The methyl es- 
ters of both the di and tri acids can, how- 
ever, be rapidly distilled in a molecular 
still at temperatures as low as 100 3 C. 
This work confirms the results of other 
investigators in indicating that even the 
water-soluble types of acids produced by 
oxidation of bituminous coal must have a 
nucleus of other than simple benzenoid 
character. It also emphasizes the danger 
of assuming that a mixture of acids of ap- 
proximated the same ultimate composition 
as those of the benzeneearboxvlic acid 
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series consists, necessarily, entirely of acids 
of that series. 

Conclusion 

Mild oxidation of bituminous coals re- 
sults in degradation to a mixture of rela- 
tively simple units, the “humic acids.'*’ 
Although these primary oxidation products 
have not yet been definitely characterized, 
they are certainly of condensed cyclic 
structure, some of the cycles containing 
only carbon atoms, others probably oxy- 
gen, nitrogen, and sulfur. The functional 
groups — carboxyl and hydroxyl — are re- 
sponsible for alkali solubility, and the car- 
boxyl are present in such an amount as 
to lead to average equivalent weights of 
200 to 300. Severe oxidative degradation 
results in simple water-soluble acids such 
as carbonic, acetic, oxalic, succinic, and the 
members of the benzenecarboxylic acid 
series. All of that series except benzoic 
have been definitely shown to be present 
as products of the low-temperature oxida- 
tion of coals. The oxidation products of 
the lower-rank materials are characterized 
by larger proportions of carbonic acid, the 
simpler aliphatic acids, and the lower mem- 
bers of the benzenecarboxylic acid series, 
and the higher-rank materials by larger 
proportions of acids of the benzenecarbox- 
ylic series, and especially the highest mem- 
ber of that series, meiiitic acid. These 
results are what would be expected if coals 
are looked upon as a series of structures 


ranging at one end from vegetable debris 
of mixed aliphatic, heterocyclic, and carbo- 
cyelic structure, to graphite, the completely 
condensed earbocyelie structure, at the 
other. The larger proportion of linear 
structures and of oxygen-containing rings 
in the lower-rank materials would be ex- 
pected to lead to greater yields of the 
simple aliphatic acids, and, conversely, the 
higher proportion of condensed carbocyclic 
structures found in the higher-rank ma- 
terials would be expected to furnish higher 
yields of acids of the benzenecarboxylic 
series. With a very completely condensed 
carbocyclic structure, such as macrocrystal- 
line graphite, the only oxidation products 
expected in significant amounts would be 
meiiitic acid and carbonic acid, and these 
are the only ones yet reported. 109 

109 There is a certain analogy between hydro- 
genolysis of coal and oxidative degradation, in 
that the yield of hydrocarbons of moderate molec- 
ular weight reaches a maximum with carbona- 
ceous materials of intermediate rank. No fcydro- 
genolysis product analogous to meiiitic acid, how- 
ever, has yet been obtained, the high-rank ma- 
terials yielding methane, the analog of carbon 
dioxide, exclusively. At the lower end of the 
series the results of hydrogenolysis are obscured 
by the high temperatures required compared with 
oxidation, with consequent rapid internal struc- 
tural changes. Cellulose, for example, on oxida- 
tion with alkaline permanganate at 100° C yields 
nothing more complex than two carbon atom 
structures, whereas, on hydrogenolysis at 430° C, 
molecules similar to those obtained from bitumi- 
nous coals, probably containing ten to thirty car- 
bon atoms, are formed. Rapid internal changes 
are, however, known to take place in cellulose at 
200 c C and above with the formation of cyclic 
structures. 
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CHEMICAL CONSTITUTION OF COAL: AS DETERMINED BY 
REDUCTION REACTIONS 

J. F. Weiler 

Coal Research Laboratory, Carnegie Institute of Technology 


With few exceptions the literature con- 
cerned with the reduction of coal has re- 
sulted from investigations dealing with the 
development of the high-pressure catalytic 
hydrogenation of coal for technical pur- 
poses. The consequence of this situation 
has been the accumulation of considerable 
data on the course of the reactions and the 
nature of the products when coal is treated 
by processes involving a combination of 
hydrogenation and thermal decomposition. 

It is the object here to present from this 
literature only such data as are useful in 
elucidating the chemical constitution of 
coal. 

The Chemical Nature of the Reduction 
Products of Coal, a Historical 
Review 

In 1870, Berthelot 1 published a treatise 
on the reducing action of strong hydriodic 
acid on various classes of carbon com- 
pounds and described, among others, the 
products resulting from the reduction of 
coal, wood, sugar char, and a bitumen re- 
sulting from the pyrolysis of benzene. A 
coal described only as yielding 4 to 5 per- 
cent of tar on distillation was treated with 
100 parts of concentrated hydriodic acid 
in a closed tube at 280° C for 24 hours. 

l Berthelot, M., Ann . chim . phys ., 20, 526—34 
(1870). 
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The result was a fluid product which on 
distillation yielded a distillate amounting 
to 60 percent of the weight of the original 
coal and a solid bitumenlike residue 
amounting to 35 percent. The distillate 
contained small amounts of hexane and 
benzene and higher fractions too complex 
to be resolved but consisting of saturated 
hydrocarbons of the methane and poly- 
methylene series. Similar results with 
wood, sugar char, and bitumen led Berthe- 
lot to conclude that, in spite of similarity 
in appearance with true carbon, coal actu- 
ally consisted of definite compounds of 
carbon, hydrogen, and oxygen, namely, 
polymerization products derived from the 
sugar-type compounds which serve as 
building units for plant structures. 

It remained, however, for the patent 
disclosures 2 of Bergius in 1913 to initiate 
widespread investigation into the reduction 
products of coal. Bergius disclosed that 
coal, wRen treated with hydrogen at 100 
atmospheres pressure at 450° C, yielded 85 
percent of its weight of soluble or liquid 
product which, in part, consisted of oxy- 
gen-containing substances phenolic in 
nature and in part of hydrocarbons of a 
wide boiling-point range and similar to the 
petroleum hydrocarbons. 

2 Bergius, F., Ger. Pats. 301,231 (1913), 

299,783 (1916). 
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In 1917, Fischer and Tropsch 3 verified 
BertheloUs production of petroleumlike 
hydrocarbons from coal by the action of 
hydriodic acid at 2SQ C C and described the 
action of this same reagent at 2G0 C C on 
several coals. At 200° C no fluid material 
was produced but the reaction products 
showed a marked increase in chloroform 
solubility over the original coal. The 
chloroform extracts were bright brown 
powders which softened at 100” C; they 
were soluble in pyridine, partially soluble 
in benzene, and insoluble in oxygenated 
solvents, and they had a much higher ratio 
of hydrogen to carbon than the original 
coals. 

In 1921, Fischer and Schrader 4 pub- 
lished an account of the reduction of coal 
by the action of molten alkali formates at 
temperatures above 360 s C. Distillation 
of coal at atmospheric pressure in the 
presence of alkali formates gave an in- 
creased tar yield over that yielded in the 
absence of the formates. The tars were 
not characterized by any analytical data, 
but the fact that they were quite sensitive 
toward heat and oxygen was evident from 
the low yields obtained when the products 
were either not swept from the still or were 
swept by nitrogen containing traces of oxy- 
gen (Table I). The reaction was also car- 
ried out at high pressure in a steel auto- 
clave using anhydrous sodium formate or 
a concentrated aqueous solution. The re- 
actants were heated for 3 hours at the 
desired temperature, and the yield of ether- 
soluble material was determined (Table 
II). The ether-soluble materials obtained 
at the various temperatures were quite dif- 
ferent ; at 350° C it was a red-brown vis- 
cous mass; at 400, a greaselike solid; and 

3 Fischer, F., and Tropsch, EL. Ges. Abhandl. 
Kenntnw Kohle , 2, 154-9 (1917). 

4 Fischer, F., and Schrader. H., Bnnnstoff- 
t'htm., 2, 161-73 (1921). 


TABLE I 

Distillation of Brown Coal and Brown 
Coal (1 Part) 4- Sodium Formate (4 Parts) 
Charges 4 

Tar Yield, Percent of 
Pure Coal 


Gas Used to 


Coal -p 

Sweep out Products 

Coal 

Sodium Formate 

None 

4.6 

15.6 

H 2 0 ,7) 

6.7 

27.4 

Ho 

6.5 

24.2 

No ( Oo-free) 

7.0 

23,2 

No (containing Oo) * 

6.1 

11.6 


* Commercial nitrogen in pressure tanks. 


TABLE II 

Products Obtained from Heating Brown 
Coal (4 Grams) in the Presence of Sodium 
Formate (S Grams) and Water (8 Grams) 
in a Closed Autoclave 4 


Percent of Pure Coal 


Temperature 

As Ether 

As Residue 

C C 

Soluble 

(Organic Material) 

350 

28. S 

32.28 

400 

44.9 

6.64 

450 

7.9 

12.02 


at 450, a bright red-brown fluid oil. At 
450” C by far the largest portion of the 
reaction product was gaseous. 

Fischer and Schrader 5 also demonstrated 
the reducing action on coal of hydrogen 
produced in situ by the water-gas reaction 

H 2 0 + CO C0 2 

but they did not characterize the products 
except as tars. 

These earlier results have shown that 
the combined action of heat and reducing 
agents on coal gives a high yield of organic 
substances which range from heavy tars to 

5 Fischer, F., and Schrader, H., Brennstoff- 
l hem., 2, 257-61 *1921). 
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light oils and gases, the percentage of 
lighter products increasing with increased 
severity of reaction conditions. The action 
is apparently one of progressive degrada- 
tion of the high-molecular-weight substance 
comprising the coal. The exact or even the 
general chemical nature of the resulting 
fragments is the best clue to the chemical 
constitution of the original coal. 

In 1925, Fischer and Frey 6 reported that 
the hydrogenation of brown coal and of 
brown coal coke at 360-500° C and 70-120 
atmospheres pressure yielded 30 to 40 per- 
cent distillable oils containing as much as 
20 percent of phenolic material, that is, 6 
to S percent phenolic material based on the 
original coal. 

In the same year, Tropsc-h and Ter- 
Nedden 7 gave the results of an analytical 
investigation of the oils resulting from the 
hydrogenation at 460° C of low-tempera- 
ture coke (semicoke) from brown coal. 
Table III shows the yields of neutral oil, 
phenols, and bases, and Table IY the com- 
position of the neutral oil fraction. Inas- 
much as only a small amount of unsatu- 
rated material was present in the neutral 
oils, the high densities and low atomic 
hydrogen-to-carbon ratios indicate that the 
hydrocarbons were cyclic in nature, the 
higher-boiling fractions having a condensed 
polynuclear structure. 

In 1926, Heyn and Dunkel 8 published 
an extensive analysis of the products of 
the liquid-phase hydrogenation of a "Lower 
Silesian coal. Unwashed coal dust contain- 
ing 17.7 percent ash, 28.5 percent volatile 
matter, and an unusually high proportion 
of fusain was made into a paste with half 
of its weight of an oil from a previous 

6 Fischer, F., and Frey, W., Brennstoff-Chem ., 
C, 69-79 (1925). 

7 Tropsch, H., and Ter-Nedden, W., Brennstoff- 
Chem 6 , 143-5 (1925). 

8 Heyn, M., and Dunkel, M., Brennstoff-Chem ., 
7, 20-5, 81-7, 245-50 (1936). 


TABLE III 


Oil from Hydrogenation of 
Brown Coal Semicoke 7 


Chemical 

Boiling 

Percent 

Percent 

Nature 

Range 

of Oil 

of Coke 


C C 



Neutral oil 

60-150 

S.9 

2.4 

Neutral oil 

150-2 SO 

38.2 

10.3 

Neutral oil 

Over 280 

17.5 

4.73 

Neutral oil 

Residue 

17. S 

4.S 

Phenol 

1S1 

3.2 

0.86 

o-Cresol 

191 

1 .5 

0.41 

m-Cresol 

202 

1.9 

0.52 

Higher phenols 

202-280 

7.1 

1.91 

Higher phenols 

Over 280 

1.7 

0.47 

Bases 

1 80-280 

2.2 

0.6 



100.0 

27.00 


TABLE IV 

Neutral Oils from Hydrogenation of 
Brown Coal Semicoke 7 


Frac- 








tion 

Boiling 

Per- 


Iodine 

Car* 

Hydro 

Atom] 

No. 

P^ange 

cent 

D' 20 

No. 

bon 

gen 

H. C 


°C 







1 

60-85 

1.4 

0.739 


S5.4 

13. 5 

1.9 

o 

85-95 

2.0 

0.767 

10.5 

S7.5 

12.3 

1.7 

3 

95-115 

3.3 






4 

115-125 

2.2 

O.SOo 





5 

125-135 

3.2 






6 

135-145 

5.2 

0.S30 

10.0 

SS.2 

10.9 

1.5 

7 

145-155 

3.5 






8 

155-165 

2 .S 

0.854 





9 

165-175 

5.3 






10 

175-185 

4.7 

0 .SS 1 





11 

185-195 

7.6 

Q.S9S 

13. 6 




12 

100 35 -115 3 5 

17.1 

0.933 


90. 68 

9.35 

1.2 

13 

115 S a-13035 

10.2 

0.947 





14 

130 3 5-140 35 

7.6 

0.956 





15 

I 4 O 35 -I 5535 

5.2 

0.961 

16.3 




16 

10035 - 1 6 S 35 

5.4 

0.972 


91.7 

s.ss 

1.2 

17 

I 6 S 35 -I 9 O 35 

6 .S 

0.993 

14.5 




Residue 


6.5 







100.0 







hydrogenation, the third in a series which 
started with high-temperature tar as a 
pasting oil and thereafter used the oil from 
the previous hydrogenation. This paste 
was hydrogenated in a continuous plant of 
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about 15 pounds per hour capacity. The the heavy fractions are significant. Simple 
oil yield, including 3.36 percent of gasoline olefins of high molecular weight are rather 
stripped from the gases, was 36.5 percent inactive to sulfuric acid, and the losses are 
of the raw coal. The distribution of probably due to the sulfuric-acid-catalyzed 
phenols and bases in the raw oil is given polymerization of high-molecular-weight 
in Table V. conjugated olefinic systems. Although the 

The combined precipitated solids were authors made no mention of it, the losses 

shown to be 7 percent paraffins (C 2 :l H 44 probably occurred through the precipita- 

TABLE V 

Distribution of Phenols and Bases in Oil from the Hydrogenation of 
Lower Silesian Coal s 

Percentages 


Percent of Coal 

Neutral 



Crystalline 

Fraction 

Ash-Free Basis 

Oil 

Phenols 

Bases 

Precipitates 

Water 

6.26 





Noncondensable hydrocar- 






bons 

2.60 





Condensable hydrocarbons 






recovered from gases 
nn • 

4.07 

100.0 




Boiling to ISO ’ C 

4.93 

SO. 7 

1S.0 

1.3 


ISO to 220" C 

7.14 

61.2 

34.2 

4.6 


220 to 150 c C 15 

2.14 

SI. 4 

14.1 

4.5 


loOis to 230 c C 15 

S.40 

90.1 

4.6 

3.6 

1.7 

230is to 250 : Cio-s 

o.QO 

SS.6 

0.5 

3.5 

0.7 

Nondistilling but benzene 






soluble 

12. 5S 






53.12 

to C 2 cH 54 ) and 93 percent aromatic hydro- 
carbons from which were isolated phenan- 
threne 40.7, carbazol S.6, anthracene 2.2, 
aeenaphtbene 0.9, and fiuorene 0.0S per- 
cent, respectively. 

Table VI gives the results of the treat- 
ment of the neutral oils with concentrated 
sulfuric acid in order to remove unsatu- 
rated components. 

The cyclic nature of the refined neutral 
oil is evident from the high densities and 
low hydrogen-to-carbon ratios; the higher 
fractions were undoubtedly made up of 
condensed-polynuclear compounds. The 
large losses on sulfuric acid treatment of 


tion of the polymerizate as a tarry mass 
after sulfuric acid treatment, a phenomenon 
observed by other investigators. 9 

The refined neutral oils boiling up to 
220° C were analyzed for aromatic content 
by nitration and sulfonation methods. 
Hydroaromatic content was estimated by 
dehydrogenation according to Zelinsky, 
followed by nitration and sulfonation 
(Table VII). These are minimum values, 
as considerable loss was entailed in their 
separation. The residual neutral oil in 
both fractions had a hydrogen-to-carbon 

9 Weiler, J. F., unpublished. Fisher, 0. H., 
privately communicated. 
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TABLE YI 

Sulfuric Acid Treatment of Neutral Oils from the Hydrogenation of 
Lower Silesian Coal s 


Analysis of Refined Product 




Percent 

Percent- 





Fraction 

Loss 

Carbon 

Hydrogen 

Atomic H C 

D IS 

Condensable hy- 

5.5 

86.70 

14.20 


1.97 


0.7617 

drocarbons re- 
covered from 

gases 








Boiling to 180° C 

13.0 

89.32 

11.85 


1.59 


0.S23S 

180 to 220° C 

15.0 

90.20 

9.75 


1.30 


0.9160 

220 to 150° Cis 

20.0 

89.50* 90.60 

8.52* 8.55 

1.14* 

1.13 

0.9779* 

0 . 9568 

150is to 190° C15 

19.5 

88.95 

8.54 

1.15 


1.0292 

1.0105 

190is to 230° Cis 

48.5 

88.27 

7.75 

1.05 


1.0810 

1 . 0482 

230x5 to 250° Cio-a 

51.5 

91.25 

7.15 

0.94 


1.1143 

1 .1208 


Analysis of untreated fraction. 


TABLE VII 

Aromatic and Hydroaromatic Content of Neutral Oils Boiling to 220" C s 


Percent Percent 

80-145° Benzene, Toluene, and Xylene 26.56 Cyclohexane and Methyl Derivatives S . 55 


145-210° Decalin 1.8 

ratio of 2.1 and was, therefore, not paraf- 
finic but of a polymethylene nature with 
the rings containing fewer than six carbon 
atoms. 

The yield of phenols, if prorated be- 
tween vehicle and coal by weight, would 
amount to a 2.5 percent yield on the ash- 
free coal. This figure should probably be 
higher since it has been shown 10 that as 
many as seventeen successive runs are nec- 
essary to produce maximum yields of tar 
acids when starting with an anthracene 
pasting oil. Fractionation of the phenols, 
Table VIII, shows that phenol, the cresols, 

io Hirst, L. L., Hawk, C. O., Sprunk, G. C., 
Golden, P. L., Pinkel, I. I., Boyer, R. H., Schaef- 
fer, J. R., Kallenberger, R. H., Hamilton, H. A., 
and Storch, H. H., Ind. Eng. Chem 31, 869-77 
(1939). 


Tetralin 11.8 

and the xylenols, boiling at 220° C or be- 
low, made up 66 percent of the total. 

The yield of bases from the hydrogena- 
tion amounted to only 0.75 percent on the 
ash-free coal when prorated between the 
vehicle and the coal. Treatment with 
nitrous acid resolved the bases into 20 per- 
cent primary, 5 percent secondary, and 60 
percent tertiary. Aniline, the toluidines, 
and xylidines were identified, but no sec- 
ondary amines ; only small amounts of 
quinoline, iso quinoline, symmetrical colli- 
dine, and quinaldine were identified from 
the tertiary amines. 

These earlier investigations of Tropsch 
and Ter-Nedden and of Heyn and Dunkel, 
indicating that the distillable hydrogena- 
tion products of a brown coal semicoke and 
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TABLE VIII 

Phenolic Fractions from Hydrogenation 
of Lower Silesian Coal s 



Percent 


Pereenr 

Boiling 

of 

Boiling 

G? 

Range 

S C 

Total 

Range 

"C 

Total 

179-181 

10.1 

205-210 

5.0 

181-1SS 

10.7 

210-215 

6.4 

1 88-195 

11.3 

215-220 

5.7 

195-200 

9.7 

220-250 

15.0 

200-205 

7.6 

250-270 
Over 270 

4.S 

13.7 


of a bituminous coal, respectively, are al- 
most exclusively cyclic in nature, have been 
confirmed for other coals by numerous later 
workers. In nearly all instances the distil- 
lable products exclusive of gases repre- 
sented less than 50 percent of the carbon 
and even less of the oxygen. The nature 
and reaction history of the remainder of 
these two elements will be discussed later. 

By batch hydrogenation in small auto- 
claves of Maria Luisa long-flame coal, Per- 
tierra 11 obtained an oil that contained 32 
percent phenols and S.2 percent nitrogen 
bases. The neutral oil boiling at 95* to 
145' C contained 52 percent aromatics, 2S.7 
percent saturates, and 7.3 percent unsatu- 
rates. The tar acids included phenol, pyro- 
catechol. and o- and m-cresol; the tar 
bases contained pyridine and 2.4-dlmethyI 
pyridine. Most of the bases, 6S.6 percent, 
were tertiary; 3.S percent were primary 
and 27.6 percent secondary. 

The work of British investigators shows 
that hydrogenation of Beamshaw, 12 Park- 
gate, 12 Mitehel Main, 13 and Lanarkshire 14 
coals yields considerable quantities of tar 

n Pertierra. J. yt.. Anales sac . espah. fis. 
quim.y 2S, 792-S06 * 1930k 30, 792-3 (1932). 

12 Horton, L.. Williams. F. A., and King, J. G.. 
Dept. Set. Ind. Research (Brit.). Fuel Research 
Board , Tech. Paper 42 *1935), 58 pp. 

is Bakes, W. E., ibid., 37, 157-210 (1933). 

14 Dept. Sci. Ind. Research (Brit.). Fuel Re- 
search Board, Rept. for Tear Ended March Si, 
19S0, pp. 105-6. 


acids, tar bases, and aromatic oils boiling 
from room temperature to 360° C. Simi- 
lar results have been reported for Russian 
brown coal, 15 Japanese, 15 Chinese, 15 and 
Canadian coals. 10 

Storch and coworkers 17 at the U. S. 
Bureau of Mines have published a charac- 
terization of the hydrogenation products 
of four United States high-volatile bitu- 
minous coals. The hydrogenations were 
carried out in a. continuous plant, the data 
being collected on the products from the 
last three of eight to fourteen successive 
runs in order to eliminate the effect of the 
original coal-tar pasting oil. The catalyst 
was 0.5 percent stannous sulfide and 0.5 
percent molybdenum trioxide; the tempera- 
ture was 430° C; the contact time, 2 hours; 
and hydrogen pressure, 4,000 pounds per 
square inch. The oils distilling to 330° C 
were almost completely cyclic in nature and 
contained approximately 60 percent of the 
carbon of the original coals. The data are 
summarized in Table IX. 

Evidence for a condensed-polynuclear 
structure for the high-boiling fractions 
from coal hydrogenation products is 
found in the claims of several patents 
to the isolation of many polynuclear 
aromatic compounds of high molecular 
weight. Products of tins kind include 
pyrene, 1 s » 1S > 20 > 21 * 22 > 23 chrysene, 19 ' 20 > 22 re- 

15 D’yakova, M. K., and Lozovoi, A. Y., Compt. 

rend. acad. sci., U.R.S.S. , 2, 257-S (1935). 

Uehida, M., J. Fuel Soc. Japan , 14, 3S-44 (1935). 
Hsiao, C. C., and Lo, C. L., J. Chem. Eng. China, 
4,248-54 (1937). 

16 Warren. T. E.. and Bowles, K. W., Can. 
Dept. Mines, Mines Branch , Rept. 737-3, 11-31 
<1938). 

ir Hirst L. L., Storch, H. H., Fisher, C. H., 
and Sprunk, G. C., Ind. Eng. Chem., 32, 864-71 
(1940). 

is Pier, M., and Sehoenemann, K., Ger. Pat. 
639,240 (1936). 

is Pier, M., and Sehoenemann, K., Ger. Pat. 
654,082 (1937). 

20 I. G. Farbenindnstrie A.-G., Brit. Pat. 435,- 
254 (1935). 



THE CHEMICAL NATURE OF THE REDUCTION PRODUCTS OF COAL 3S3 

TABLE IX 

Hydrogenation Products from High- Volatile U. S. Bituminous Coals — 
Percentage of Dry, Ash-Free Coal 17 



Oil 

Tar Bases 


Distilling 

Distilling 


to 

to 

Coal 

330° C 

330° C 

Pittsburgh, Pa. 

65.2 

2.8 

No. 6, Illinois 

52.4 

1.6 

McKay, Washington 

61.4 

3.2 

Mary Lee, Alabama 

55.0 

2.3 


* Approximately 70 percent cyclic. 


tene, 20 fluoranthene, 21 carbazole, 21 methyl- 
and dimethylpyrenes, 21 1,12-benzoperyl- 
ene, 21 > 2S * 24 coronene, 21 * 23 > 24 pieene, 21 fluo- 
rene, 24 methyl- and dimethylanthraeene, 23 
methyl- and dimethylnaphthalene, 25 and 
methylfluorene. 25 The various patents de- 
scribe much the same process. The crude 
high-boiling fractions from destructive hy- 
drogenation of coal are first freed of heavy 
paraffinic material by cooling after addition 
of a selective solvent for nonparafiinic sub- 
stances, for example, methyl formate, and 
then freed of asphaltic substances by an 
adsorbent or through precipitation when 
the product is highly diluted with low-boil- 
ing saturated hydrocarbons. The refined 
oil is then subjected to dehydrogenation at 
temperatures from 300 to 700° C over vari- 
ous catalysts. The polynuclear aromatic 
hydrocarbons of four or more rings are de- 
scribed as resulting from dehydrogenation 
treatment at temperatures of 500° C or 
above. At these temperatures considerable 
rearrangement takes place in the dehy- 

2 1 I. G. Farbenindustrie A.-G., Brit. Pat. 470,- 
338 (1936). 

22 Pier, M., and Schoenemann, K., Ger. Pat. 
655,103 (1938). 

23 I. G. Farbenindustrie A.-G., Brit. Pat. 497,- 
089 (1937). 

24 Scholl, R., and Meyer, K., Ber., 71, 407 
(1938). 

25 Pier, M., and Schoenemann, K., Ger. Pat. 
659,878 (1938). 


Tar Acid Neutral Oils 

Distilling Distilling to 330° C 


to 

235 to 


Aro- 

Saturates 

235° C 

330 c C 

Olefins 

matics 

(Cyclic; * 

7.6 

3.5 

3.1 

36.7 

11.5 

4.4 

7.0 

3.5 

22.6 

12.7 

4.9 

8.1 

5.8 

22.0 

17.4 

3.9 

3.5 

3.3 

29.0 

13.0 


drogenation of hydrides of polynuclear 
hydrocarbons so that it cannot be said that 
the hydrides of the recovered aromatics 
were necessarily present. However, it 
seems safe to conclude that polynuclear 
hydrocarbons of the same general molecular 
magnitude were present. 

Biggs and Weiler 26 described liquid and 
solid resinous products obtained from coal 
under hydrogenation conditions which were 
designed to avoid thermal cracking as far 
as possible. The extract and residue from 
the benzene extraction of a Pittsburgh 
Seam coal at 260 s C were hydrogenated 
separately. Hydrogenation was carried out 
in a rocking-type autoclave at 350 s C with 
10 percent of Adkins copper chromite cata- 
lyst and no vehicle. After a 12- to 16-hour 
heating period, the reaction product was 
freed of petroleum-ether-soluble material 
and the residue was returned to the auto- 
clave with fresh catalyst for further hydro- 
genation. This cycle was repeated several 
times. The accumulated petroleum-ether- 
soluble material was then hydrogenated 
over Raney nickel at 220 = C with cyclo- 
hexane as a vehicle. From the compo- 
sition, refractive index, and molecular 
weights (Table XVIII), it was concluded 
that the products boiling above 200° C 

26 Biggs, B. S., and Weiler, J. F., J. Am. Chem. 
Soc., 59, 369-72 (1937). 
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from both the extract and residue were 
chiefly condensed polycyclic hydroaromatic 
substances. 

LeClaire 27 examined the nature of the 
“'oils” resulting from four bituminous coals, 
Pocahontas No. 3 Seam, High Splint Seam, 
Pittsburgh Seam, and Illinois No. 6 Seam, 
when hydrogenated according to the pro- 
cedure of Biggs and Weiler. 26 On the basis 
of physical properties (Table X) it was 
concluded that the oils were essentially 
condensed polycyclic hydroaromatic hydro- 
carbons with occasional paraffinic side 
chains. Figure I shows a plot of molecular 
volume against molecular weight for paraf- 
finic and perhydroaromatic hydrocarbons 
and the hydrogenation products from the 

27 LeClaire, C. D., J. Am. Chan. Soc ., 63, 
343-51 (1941). 


four coals. A method 28 of determining the 
nature of the saturated hydrocarbons in 
petroleum oils based on the relation be- 
tween specific refraction and molecular 
weight of different types of hydrocarbons 
was applied to the oils (Fig. 2). Figure 2 
shows that as many as six or seven con- 
densed rings were present in the compo- 
nents of the higher fractions. It is sug- 
gestive that in all the fractions the com- 
ponents have roughly the same number of 
carbon atoms in paraffinic side chains; that 
is, all the points lie roughly the same dis- 
tance to the right of the points represent- 
ing the first member of the homologous 
series to which they most nearly conform. 
This distance represents approximately 

2 S Ylugter, J. C., Waterman, H. I., and van 
Westen, H. A., J. Inst. Petroleum Tech., 21, 
661—76, 701— S (1935). 


TABLE X 


Properties 

OF THE 

Petroleum-Ethee-Soluble 

Products prom the Hydrogenation of 

Four Bituminous Coals: 

1 Pocahontas Xo. 3 Seam, 

(2) Pittsburgh Seam, 



3 High Splint Seam, 

AND 4) 

Illinois No. 6 Seam 27 



Approximate 









Boiling 




Molecular 

Index of 

ftp — nc 

Aniline 

Range 

Source 

C 

H 

Weight 

Densit}’ 

Refraction 

d 

Point 



percent 

percent 






IOO740 mm 

1 

S4.9 

13.1 

20S 

O.SSO 

1.4772 

0.00979 

60.3 

to 

0 

So. 1 

13.0 

209 

0.875 

1.4742 

0.00978 

61.0 

1603 mm 

3 

S6.3 

12.6 

198 

0.S77 

1.4742 

0.00952 

59.6 


4 

S 6.2 

13.0 

1S9 

0 .S75 

1.4744 

0.00979 

60.6 

I603 mm 

1 








to 

2 








205s mm 

3 

86,9 

12.6 

254 

0.917 

1.4941 

0.00983 

70.4 


4 

S 6.5 

12.7 

253 

0.921 

1.4963 

0.00959 

71.5 

2O05 ram 

1 

S 7.0 

12.0 

306 

0.967 

1.5171 

0.00958 

79.0 

to 

2 

S6.S 

12.3 

320 

0.962 

1.5146 

0.00970 

77.8 

2t)0s mm 

3 

S6.3 

11.8 

316 

0.956 

1.5118 

0.00967 

79.5 


4 

S6.S 

12.0 

323 

0.958 

1.5132 

0.01032 

80.0 

26os mm 

1 

' 87.9 

11.4 

422 

1.003 

1.5372 

0.01017 

85.0 

to 

2 



382 

1.000 

1.5388 

0.01066 

62.8 

3IG5 mm 

3 

87.4 

11.7 

420 

0.998 

1.5370 

0.01013 

82.5 


4 

87.2 

11.8 

424 

1.000 

1.5358 

0.01045 

88.0 
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sixty molecular weight units or four CHo 
groups. This fact may mean that the 
degradation resulting in all these various 
sized units has been the result of the break- 
ing ox the same type of linkage ? leaving 


the oxygenated compounds contained there- 
in were neutral and not phenolic. The 
authors regarded the boghead coal as poly- 
cyclic carboxylic acids formed by the poly- 
merization of unsaturated fatty acids which 



306 « i i ■ i : I 1 i i ! 1 i 1 ! ! 

80 120 160 200 240 280 320 360 400 440 


Molecular Weight 

Fig. 2. Molecular weight versus specific refraction of paraffins and paraffin side-chain homologs of 
linearly or angularly condensed perhydroaromatic hydrocarbons. 27 The points for such hydrocarbons 
lie on the line n — 0, n = 1. n = 2, etc., where n is the number of rings in the molecule. The sat- 
urated hydrogenation products of the four coals are represented as follows : 


Pocahontas No. 3, H. 
High Splint x. 


Pittsburgh, O. 
Illinois No. 6, V. 


each unit with the same side chain or 
chains. 

Somewhat different from the results ob- 
tained with other types of coal are those 
reported by Stadnikoff and Kaschtanov 29 
for the hydrogenation of a Siberian bog- 
head coal. Although the liquid products 
were largely saturated cyclic hydrocarbons, 

29 Stadnikoff, G., and Kaschtanov, L., Brenn- 
atoff-Chem*, 10, 417-9 (1929), 


were contained in the fats from algae. The 
neutral oxygenated compounds were re- 
garded as ketones formed by the loss of 
carbon dioxide from the polycarboxylic 
acids. 

The analytical investigations so far de- 
scribed show that coals of many different 
sources when subjected to the action of 
heat and reducing agents, in particular the 
process of high-pressure catalytic hydro- 
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genation, yield approximately half of their 
carbon as distillable carbocyclic organic 
compounds, mostly hydrocarbons but con- 
taining significant amounts of oxygenated 
compounds. 

The interpretation of these data on the 
reduction products of coal in terms of the 
chemical constitution of coal requires con- 
sideration of three important questions, 
namely: (1) what account must be taken 
of the fact that these reduction products 
were derived from an apparently hetero- 
geneous starting material, (2) what ac- 
count must be taken of such recognized dif- 
ferences in coals as are displayed by coals 
of different rank, (3) to what extent can the 
described reduction products be considered 
as primary, and what deductions can be 
made concerning the carbon, hydrogen, and 
oxygen appearing as simple fission prod- 
ucts, e.g., water, carbon dioxide, and gase- 
ous hydrocarbons, and as reduction prod- 
ucts not amenable to satisfactory analytical 
investigation, e.g., nondistillable pitches 
and insoluble residues; in brief, what is the 
mechanism of the formation of reduction 
products from coal. 

The Physical and Chemical Com- 
ponents of Coal, Their Behavior 
upon Reduction 

Physical Components. The petrographic 
constituents of coal (see Chapter 3) are 
recognized as the physical components of 
the organic or “pure coal” part of coal. 
The behavior of these banded constituents 
of coal during liquefaction by hydrogena- 
tion varies with the constituents. It is 
generally reported 12 » so » sl « 32 » 33 that fusain 

30 Thiessen, R., and Francis, W., U. S. Bur. 
Mines, Tech. Paper 446 (1929), 27 pp. ; Fuel , 8 , 
385-405 (1929). Wright, C. C., and Gauger, A. 
W., Bituminous Coal Research , Inc., Tech . Rept. 
2 (1936), 25 pp. Legrand, C., and Simonovitch, 
M., Fuel, 17, 145-60 (1938). 

31 Shatwell, H. G., and Graham, J. I., Fuel , 4, 
25-30, 75-81, 127-31 (1925). 


is liquefied with difficulty or not at all by 
high-pressure hydrogenation. 'Wright and 
Gauger 30 concluded from their work on 
American coals that all banded constituents 
other than fusain were completely lique- 
fied but later reported 34 that another con- 
stituent, probably opaque attritus, offered 
some resistance to hydrogenation. Fisher 
and Eisner 35 also showed that some con- 
stituent of a Pittsburgh Seam coal other 
than fusain is difficult to hydrogenate. 
This agrees with the results of English in- 
vestigators 12 > 30 > 32 who found that, with 
one exception, the six vitrains and clarains 
(which contain much anthraxylon) they 
studied gave fair liquefaction yields, where- 
as two durains (attritus) gave poor yields. 
It is also in agreement with workers 1S » 36 
wiio hydrogenated bright (principally an- 
thraxylon) and dull (attrital) coals and 
found the bright coals more reactive than 
the dull coals. On the other hand, other 
■workers 37 have claimed that durain is well 
suited for hydrogenation. The discrepan- 
cies in these claims are traceable to the 
heterogeneous and variable nature of du- 
rains. Whereas such constituents of durain 
as spores and resins are easily hydrogen- 
ated, 33 opaque matter is resistant and 
yields w r ould be expected to vary widely 
as the ratio of these constituents varied. 

32 Graham, J. I., and Skinner, D. G., J. Soc. 
Chem. Ind., 48, 129-36T (1929). 

33 Francis, W., J. Inst. Fuel, 6, 301-13 (1933). 

34 Wright, C. C., and Ganger, A. W., Am. Min- 
ing Congress Yearbook, 1937, 381-3. 

35 Fisher, C. H., and Eisner, A., Ind. Eng. 
Chem., 29, 1371-6 (1937). 

36 Fischer, F., Peters, K., and Cremer, W., 
Fuel, 12, 390-4 (1933). Gordon, K., Trans. 
Inst. Mining Engrs. (London), S2, Pt. 4, 348-63 
(1933). Hovers, T., Koopmans, H., and Pieters, 
H. A. X, Fuel, 15, 233-4 (1936). Petrick, A. X, 
Gaigher, B., and Groenewoud, P., J. Chem. Met. 
Mining Soc. 8. Africa, 3S, 122-44, 334-7 (1937). 

37 Lehmann, K., and Hoffmann, E., G-liickauf, 
67, 1-17 (1931). Strevens, J. L., J. Inst. Fuel, 
4, 317—39 (1932) ; Colliery Guardian, 142, 572—6, 
667-8 (1931). 
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Erasmus 38 claimed that durains of high 
hydrogen content are particularly suitable 
for hydrogenation. Spores, one durain 
component of high hydrogen content, have 
been liquefied in excellent yield by hydro- 
genation. 39 

The most extensive work on the hydro- 
genation of the petrographic constituents 
of coal has been that of the U. S. Bureau 
of Mines. The liquefaction yields of many 
samples of fusain, 40 anthraxylon 41 > 42 and 
attrital constituents 42 « 43 were determined. 
The hydrogenation was carried out in a 
small-batch autoclave; the charge consisted 
of 100 grams of coal substance, 100 grams 
of tetrahydronaphthalene as vehicle, and 
1 gram of stannous sulfide as catalyst; the 
hydrogen pressure was 1,000 pounds per 
square inch at room temperature; the re- 
action time was 3 hours. The liquefaction 
yields were reported as 100 minus the ben- 
zene-insoluble residue on the dry, ash-free 
basis. The pitches described in the tables 
were the distillation residues of the lique- 
fied products distilled to 215 s C to remove 
vehicle solvent. 

The fusains (Table XI) were not en- 
tirely inert, the liquefaction yield increas- 
ing with increased oxygen and hydrogen 
contents. It was noted that liquefaction 
proceeded readily to a certain point and 
then became difficult, indicating two main 

ss Erasmus. Paul. Cher die BUdung und den 
chemischen Ban der KohJen , Ferdinand Enke, 
Stuttgart, 1038. pp. 1-6. 

39 Fisher, O. H.. Ind. Eng. Chem ., Anal. Ed., 
10, 374-8 (193$). 

40 Fisher, C. BL Sprunk. G. C., Eisner, A., 
Clarke, L., and S torch. H. H.. Ind. Eng. Chem., 
31, 190-5 (1939). 

41 Fisher, C. H.. Sprunk. G. C.. Eisner, A., 
Clarke, L., and Storeh, H. H.. Fuel, IS, 196- 
203 (1939). 

42 Fisher, C. EL. Sprunk, G. C., Eisner, A., 
Clarke, L., and Storeh, H. H.. Ind. Eng. Chem., 
31, 1155-61 (1939). 

43 Fisher, C. H., Sprunk. G. C., Eisner, A.. 
Clarke, L., and Storeh, H. H., Fuel, IS, 132-41 
(1939). 


TABLE XI 

Liquefaction Yields from Various 




Ftjsians 40 

Analysis 


Hydro- 

genation 

Lique- 






pie 

Car- 

Hydro- 



Tem- 

faction 

No. 

bon 

gen 

Oxygen 

C/H 

perature 

Yield 


per- 

per- 

per- 



per- 


cent 

cent 

cent 


°C 

cent 

1 

92.6 

2.8 

3.7 

33.1 

400 

11.0 

2 

93.0 

2.9 

0,6 

32.1 

430 

11.7 

3 

92.6 

3.0 

0.3 

30.9 

430 

19.5 

4 

S9.5 

3.1 

6.4 

28.9 

400 

26.3 

5 

93.5 

3.3 

2.4 

28.3 

430 

10.4 

6 

92.0 

3.3 

3.7 

27.9 

430 

15.7 

7 

88.1 

3.5 

5.8 

25.2 

430 

24.4 


Brueeton coal 



400 

89.4 


Bruceton coal 



415 

92.9 


constituents differing greatly in amenability 
to liquefaction. The insoluble residues 
were characterized by a high carbon con- 
tent and high carbon-to-hydrogen ratio as 
compared to the liquefied pitches (Table 
XIV). According to the authors the data 
are suggestive of the conclusions of Sey- 
ler 44 that fusain is composed of two funda- 
mentally different components, “fusinite” 
and “Yitrinite.” Fusinite, the main com- 
ponent, is the component resistant to hy- 
drogenation, while vitrinite, similar to vit- 
rain (anthraxylon) in reactivity and vola- 
tile-matter content, is the component 
liquefied by hydrogenation. 

From Table XII it is apparent that an- 
thraxylons are much more readily lique- 
fied than fusains, being, regardless of rank, 
almost completely liquefied under these 
conditions. 

Of the various components of attrital 
matter (Table XIII) the resins and trans- 
lucent portions are readily liquefied. The 
opaque matter, however, shows appreciable 
insoluble residues. These insoluble residues 
also are characterized by a high carbon 
content and high carbon-to-hydrogen ratio 

44 Seyler, C. A., Colliery Guardian , 155, 990—4, 
1046-8, 1087-9, 1137-9. 1231-3 (1937). 
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TABLE Nil 

Liquefaction YTelds from Various 
Anthraxylons 41 > 42 


Analysis Hydro- 


sam- 




, 

genation 

Lique- 

ple 

Car- 

Hydro- 

Oxy- 


Tempera- 

faction 

No. 

bon 

gen 

gen 

C/H 

ture 

Yield 


per- 

per- 

per- 



per- 


cent 

cent 

cent 


°C 

cent 

1 

81.5 

5.4 

9.7 

15. 1 

430 

93.3 

2 

81.5 

5.6 

8.3 

14.6 

430 

98.0 

3 

81.7 

5.2 

10.4 

15.7 

430 

97.3 

4 

83.0 

5.5 

8.2 

15.1 

430 

98.3 

5 

83.5 

5.7 

8.7 

14.6 

430 

90.4 

6 

84.5 

5.5 

7.3 

15.4 

400 

98.3 

7 

85.3 

5.4 

6.9 

15.8 

430 

97.8 

8 

85.9 

5.4 

6.1 

15.9 

430 

98.2 

9 

86.1 

5.3 

6.4 

16.2 

430 

95.8 

10 

87.8 

5.3 

4.4 

16.6 

430 

97.2 

11 

89.9 

4.8 

2.9 

18.7 

415 

95.4 

as compared to the liquefied pitches 

(Table 

XVI] 

1 but 

have 

much 

lower carbon con- 


tents and carbon-to-hvdrogen ratios than 
the fusain residues. 

The composition of the pitches (Tables 
XIV, XV, XVI) from the various samples 
of the same petrographic constituent varies 
but little. There appears to be a tendency 
for the pitches from the samples of higher 
rank to have a lower oxygen content and 
higher carbon-to-hydrogen ratio. Statis- 


tical analysis of the data indicates that 
more consistent data or a larger number 
of observations is desirable to establish 
definitely that such a relationship exists. 
The average composition of the pitches 
from the various constituents (Table 
XVII) with the exception of those from the 
spores and resins is nearly the same. The 
spores and resins have a definitely lower 
carbon-to-hydrogen ratio. 

The available data on the hydrogenation 
of the petrographic constituents indicate 
that, where the resin and spore contents of 
the coals have not been high, conclusions 
drawn from the reduction products of the 
whole coal apply about equally well to the 
component petrographic constituents, that 
is, the part thereof that has been converted 
into the products in question. It is al- 
most certain that differences in some details 
of chemical constitution exist between the 
various petrographic constituents. Such 
differences may or may not account for 
differences in liquefaction yields inasmuch 
as the hydrogenation versus liquefaction 
yield parameter is essentially a rate factor 
in which a solution process is involved, 
wherefore physical differences might also 


TABLE XIII 

Liquefaction Yields from Various Attrital Constituents 42 ' 43 




Analysis 

A _ 


Hydro- 

genation 

Temperature 

Lique- 

faction 

Sample No. 

r 

Carbon 

Hydrogen 

Oxygen 

C/H 

Yield 

1. Opaque attritus 

percent 

88.0 

percent 

4.8 

percent 

5.1 

18.3 

C C 

422 

percent 

65.2 

2. Opaque attritus 

85.4 

4.7 

8.1 

18.2 

430 

59. S 

3. Opaque attritus 

86.9 

4.4 

7.0 

19. S 

415 

78.4 

4. Opaque attritus 

85.6 

5.3 

6.1 

16.1 

400 

So. 6 

5. Opaque attritus 

87.5 

5.5 

5.1 

15.9 

430 

75.5 

6. Translucent attritus 

85.5 

6.0 

5.0 

14.3 

430 

90.0 

7. Translucent attritus 

83.0 

5.8 

8.8 

14.3 

430 

93.0 

8. Translucent attritus 

79.3 

6.3 

11.0 

12.6 

430 

90.0 

9. Spore-rich cannel coal 

83.3 

8.4 

3.9 

9.9 

430 

92.6 

10. Spores 

80.6 

7.6 

9.4 

10.6 

400 

96.0 

11. Resins 

83.6 

10.2 

5.7 

8.2 

430 

99.8 
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TABLE XIV 

Composition of Pitches and Insoluble Residues from Liquefaction of Fusain 4j 


Pitches Insoluble Residues 

Sample , * > f A 


No.* 

Carbon 

Hydrogen 

Oxygen 

C/H 

Carbon 

Hydrogen 

Oxygen 

C/H 


percent 

percent 

percent 


percent 

percent 

percent 


1 

S9.0 

7.3 

2.5 

12.2 

93.2 

2.6 

3.7 

35.6 

2 

90.3 

6.S 

1.7 

13.3 

93.6 

2.6 

3.0 

36.0 

3 

89. 4 

S.I 

1.6 

11.0 

94.3 

2.6 

2.3 

36.3 

4 

91.6 

7.6 

0.4 

12.1 

95.4 

2.9 

1.1 

32.9 

5 

91.5 

6.9 

0.6 

13.3 

94.1 

3.1 

2.1 

30.3 

6 

89. 9 

7.7 

1.4 

11.7 

94.2 

3.0 

2.0 

31.4 

7 

88.8 

7,5 

2.6 

11.8 

91.7 

3.3 

4.1 

27.8 

Goal 

SS.7 

7.8 

2.4 

13.0 





Coal 

89.7 

7.2 

1.5 

12.4 

92.0 

4.9 

0.4 

18.8 

* These 

numbers 

refer to the same samples as 

in Table 

XI. 





TABLE XV 

Composition of Pitches and Insoluble 
Residues from Liquefaction of Anthraxy- 
lons 42 * 43 

Pitches 


pie 

Car- 

Hydro- 

Oxy- 



No. 5 * 

* bon 

gen 

gen 

C H 

Residues 


per- 

per- 

per- 




cent 

cent 

cent 



1 

90.0 

6.9 

1.3 

13.0 

Ash content so high 

2 

S9.1 

6.9 

2.0 

12.9 

that estimation of 

3 

90.7 

6.9 

1.0 

13.1 

the composition of 

4 

89.7 

6.S 

1.5 

13.2 

the organic matter 

5 

90.1 

6.5 

1.9 

13. S 

vras entirely un- 

6 

SS.3 

6. S 

2.9 

13.0 

satisfactory 

7 

90.2 

6.7 

1.6 

13.5 


S 

90.0 

6.6 

1.6 

13.6 


9 

90.3 

6.5 

1.6 

13.9 


10 

90.7 

6.3 

1.1 

14.4 


11 

91.7 

6.1 

0.4 

15.0 


* 

These 

numbers refer 

to the 

same samples as 


in Table XII. 

be expected to play some part. Certainly 
the spores and resins are less highly con- 
densed polynuclear systems than the other 
constituents of coal, and this may account 
for the greater ease with which they are 
liquefied. 

Chemical Components . Solvent extrac- 
tion serves to separate coal roughly into 
various components. (Cf. Chapter 19.) 


Thus, a coal may be separated into a ben- 
zene soluble-alkali insoluble or “bitumen 
fraction,” a benzene insoluble-alkali soluble 
or “humic” fraction, and an insoluble 
residue. 

The extract and residue from the extrac- 
tion of a Pittsburgh Seam coal with ben- 
zene under pressure at a temperature of 
260° C have been used in hydrogenation 
studies 26 ’ 45 » 40 of the chemical constitution 
of coal. The benzene extract, 14.5 percent 
of the weight of the coal, was divided into 
three fractions: (1) that portion soluble in 
a large excess of petroleum ether (16.2 per- 
cent) ; (2) that portion insoluble in petro- 
leum ether but soluble in ethyl ether (50.4 
per cent) ; and (3) that portion insoluble 
in ethyl ether (33.4 percent). High-pres- 
sure catalytic hydrogenation at 425° C 
yielded 45 from both fraction 2 and fraction 
3 about 50 percent of the original carbon 
as steam-distillable oils of almost identical 
composition. The chemical properties and 
physical constants of various fractions 
from these oils indicated that except for 
the low-boiling materials, which contained 

45 Biggs, B. S., J. Am. Ghem. 8oc 58, 484-7 
(1936). 

46 Biggs, B. S., Hid., 58, 1020-4 (1936). 
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TABLE XVI 

Composition of Pitches and Insoluble Residues from the Liquefaction of 
Attrital Matter 42 > 45 


Pitches Residues 



Car- 

Hydro- 

Oxy- 


Car- 

Hydro- 

Oxy- 


Sample No.* 

bon 

gen 

gen 

C/H 

bon 

gen 

gen 

C/H 


percent 

percent percent 


percent 

percent percent 


1. Opaque attritus 

90.4 

6.4 

1.6 

14.1 

SS.7 

4.0 

5.3 

22.2 

2. Opaque attritus 

90.9 

6.4 

1.5 

14.2 

90.5 

3.9 

3.5 

23.2 

3. Opaque attritus 

92.1 

6.4 

0.7 

14.4 

S9.1 

4.0 

5.2 

22.3 

4. Opaque attritus 

88.7 

7.0 

2.4 

12.7 

89.5 

4.3 

4.2 

20. S 

5. Opaque attritus 

90.1 

7.1 

1.4 

12.7 

89.9 

3.9 

4.2 

23.1 

6. Translucent attritus 

90.2 

6.6 

0.9 

13.7 

86.5 

3.9 

7.1 

22.2 

7. Translucent attritus 

89.9 

6.5 

1.5 

13.8 

89.3 

3.9 

4.2 

22.9 

8. Translucent attritus 

S9.3 

7.5 

1.5 

11.9 

67.7 

6.2 

23.6 

10.9 

9. Spore-rich cannel coal 

86.4 

9.8 

2.0 

8.9 

95.4 

3.2 


29.8 

10. Spores 

87.2 

S.7 

2.7 

10.0 

83.9 

7.0 

6.0 

12.0 

11. Resins 

88.7 

9.8 

0.9 

9.1 






* These numbers refer to the same samples as in Table XIII. 


TABLE XVII 

Average Composition of Fusain Pitches, 
Anthraxylon Pitches, Attritus Pitches, 
and Pitches from Resins and Spores 41 * 42, 43 


Source of Pitch Carbon Hydrogen Oxygen C/H 



percent 

percent 

percent 


Fusains 

90.1 

7.4 

1.5 

12.2 

Anthraxylons 

90.1 

6.6 

1.5 

13.1 

Opaque attritus 

90.3 

6.7 

1.5 

13.6 

Translucent attritus 

89.8 

6.9 

1.3 

13.6 

Resins and spores 

87.4 

9.4 

1.9 

9.3 


some aliphatic compounds, the oils were 
made up almost entirely of wholly or par- 
tially hydrogenated aromatic compounds. 
Dehydrogenation of these oils over plati- 
nized charcoal yielded monocyclic, bicyclie, 
and higher aromatic hydrocarbons. The 
benzene-insoluble residue was then com- 
pared 46 with the extract. It was found 
that hydrogenation of the residue at 350° C 
yielded a benzene-soluble material which 
could be fractionated into petroleum-ether- 
soluble, ethyl-ether-soluble, and ethyl-ether- 
insoluble fractions which corresponded (in 
every respect) to similar fractions from the 


original benzene extract of the coal. 
Fischer, Peters, and Cremer 39 had pre- 
viously shown that a Pittsburgh coal which 
contained 7.5 percent bitumen extractible 
with benzene gave 35 percent of benzene- 
soluble ‘'‘'pseudobitumen” when treated with 
benzene at ISO 0 C for 140 hours under ISO 
atmospheres hydrogen pressure provided 
that the coal had been reduced to a par- 
ticle size of approximately 1 micron before 
treatment. This pseudobitumen was found 
to be an effective caking agent similar to 
the natural oily bitumen. 

Biggs and Weiler 26 carried the compari- 
son of benzene extract and residue still 
further and found that both extract and 
residue yielded approximately SO percent 
of their carbon as cyclohexane-soluble oils 
when subjected to repeated successive hy- 
drogenation and cyclohexane extraction. 
The hydrogenations were carried out at 
350° C with Adkins copper chromite cata- 
lyst. The soluble oils were further hydro- 
genated over Raney nickel catalyst at 220° 
to achieve further saturation and were then 
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fractionated and characterized by molecu- ficient to suggest a marked difference in 

lar weights, boiling points, refractive in- the size or stability of the molecules corn- 

dices, and ratio of hydrogen to carbon prising the extract and residue (Fig. 3), 

atoms (see Table XVIII, which also shows This behavior supports the viewpoint that 

the physical constants of some known hy- the benzene-insoluble and -soluble parts of 

droaromatic compounds). In addition, this coal differ more in the size of polymeric 

hydroxyl content was estimated by acetyl- aggregates than in essential chemical strue- 

ation. time. 47 The similarity in composition of 

The composition of the oils from the the different fractions and known poly- 

two sources was very similar, and, though nuclear hvdroaromatic hydrocarbons of 

the oil from the residue showed somewhat corresponding boiling point and molecular 

more material of higher boiling range, the weight is additional evidence for a poly- 

difference in distribution of material be- 47 Howard , H . c ., j. Ph Vs . chem., 4 o, 1103-12 
tween the various fractions was not suf- (1936). 

TABLE XVIII 

Comparison of the Properties of Some Known Hydro aromatic Compounds with Various 
Fractions of the Hydrogenation Products of the Residue (R) and Extract (E) from 
the Benzene Pressure Extraction of a Bituminous Coal 26 





Initial 


Molecular 'Weights f 

Empirical Formulas 

Fraction 

Mole 

Weight 

Atmospheric 


Cryoscopic in 

, 




No.* 

Grams Percent 

Percent 

Boiling Point 


Catechol 

Diphenyl 

C 

H 

OH 

H/C 

Ri 

3.0 0.9 

2.2 

~C 

190 

1.467 

122 

128 

8.7 

15.6 

0.34 

1.83 

Ro 

3.4 11.1 

4.0 

205 

1.4S2 

146 

144 

10.0 

17.1 

0.33 

1.74 

r 3 

2.5 4.2 

1.9 

230 

1.494 

175 

177 

12.5 

20.6 

0.32 

1.67 

R4 

3.5 S.2 

4.1 

262 

1.509 

195 

198 

14.1 

22.5 

0.29 

1.61 

Rs 

2.5 3.4 

1.9 

315 

1.524 

198 

21S 

15.6 

23.8 

0.26 

1.54 

Re 

15. S IS. 6 

11.8 

320 

1.540 

244 

252 

18.2 

27.2 

0.30 

1.51 

Rt 

17. 9 15.6 

13.3 

395 

1.563 

330 

338 

24.6 

33.2 

0.42 

1.37 

Rs 

16.4 10. S 

12.1 

450 

1.593 

405 

448 

33 

44 

0.42 

1.35 

r 9 

51.6 21.2 

3S.2 



520 

720 

53 

64 

0.75 

1.21 

Loss 

14.3 

10.6 









Ei 

10. S 26.7 

13.0 

220 

1.49S 

165 

170 

12 

19.3 

0.34 

1.63 

E* 

7.7 14.5 

9.2 

315 

1.533 

21S 

224 

16 

24.0 

0.30 

1.52 

e 3 

16.5 23.6 

19.6 

3S5 

1.567 

275 

295 

21.5 

29.7 

0.36 

1.39 


3.0 3.5 

3.6 

440 

1.594 

377 

357 

26.4 

35.9 

0.29 

1.34 

Es 

10.3 10.2 

22.2 

460 

1.613 

384 

427 

31.4 

38.1 

0.38 

1.23 

Ee 

35.7 21.5 

42.5 









Deca (per) hydronaphthalene 


135 

1.468 

13S 


10 

18 


1.80 

Tetradeca 

(per) hydrophenanthrene 

(250) : 

1.499 

192 


14 

24 


1.71 

Dodecahydrophenanthrene 


26S 

1.50S 

190 


14 

22 


1.57 

Octadeca (per) hydroehrysene 


360 

1.521 

246 


18 

30 


1.6$ 

Hexadeeahydrochrysene 


(380) 

1.541 

244 


18 

28 


1.55 

Octadeca ' 

per) hydrotriphylene 



1.518 («J) 

246 


18 

30 


1.68 

Hypothetical compound with 7 

rings 

>400 


320 


24 

34 


1.41 


* Ri-R; are from the refraetionation of a fraction taken off at atmospheric pressure. R ft is the 
residue remaining in the still. E e , nondistillable in the conventional apparatus, was further distilled 
in a molecular still but with partial decomposition so that analytical data for this fraction are not 
available. 

f Reproducible to 1 part in 10 . 

% Atmospheric boiling points given in parentheses are estimated from values given for lower 
pressures. 
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nuclear cyclic structure for the hydrogen- bitumen-poor coal. Furthermore, the com- 
ation products of coal. position of the oils was almost identical. 

Fischer and Schrader, 4 while studying The hydrogenation of the bitumen and 
the reduction of coal by aqueous sodium humic acids extracted from Aleksandriiskii 



0 10 20 30 40 50 60 70 80 90 100 

Cumulative Mole Percent 

Fig. 3. Molecular weights of various fractions of cyclohexane soluble oils obtained in the ' 
genation of whole coal and the extract and residue from the benzene extraction of the coal." 6 

formate, sought to establish whether any brown coal and lignites has been studied 

particular constituent of coal was espe- by VelseFberg. 48 The bitumen was sepa- 

cially susceptible to liquefaction. They rated by extraction in a Soxhlet apparatus 

found that humic acids extracted from a with an alcohol-benzene mixture (1 : 1); 

brown coal by aqueous ammonia gave on the humic acids were separated from the 

reduction the same yields of ether-soluble residue of the bitumen extraction by dis- 

oils, gases, and insoluble residue as did a 48 Veisei’berg, k. b., tiiim. Tverdogo Topiiva. 
bitumen-rich (humic-acid-poor) coal and a s, 232-46 (1937). 
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solving with warm 5 percent sodium car- 
bonate solution and reprecipitating the 
humic acids with 10 percent aqueous hy- 
drochloric acid. From the brown coal were 
separated 17.5 percent bitumen and 64.7 
percent humic acids; from the lignite were 
separated 30 percent bitumen and 60 per- 
cent humic acid. Upon hydrogenation at 
450° C for 1 hour in the presence of molyb- 
denum sulfide catalyst the bitumens yielded 
70 percent of oil containing paraffin and 
cyclic hydrocarbons with only small 
amounts of phenols; humic acids yielded 
45 percent of oil containing cyclic hydro- 
carbons and considerable phenols. Humic 
acids from peat hydrogenated at 410" C 
for 2 hours in the presence of molybdenum 
sulfide catalyst yielded 40 34 percent of 
liquid products composed of aromatic 
and hydroaromatic hydrocarbons and of 
phenols. 

A report so on the hydrogenation of oxi- 
dized coal supports this evidence that the 
bitumens and humic acids of coal have a 
similar nuclear structure and that their 
different chemical behavior is the result of 
differences in peripheral groups. A coal 
which gave a 40.9 percent residue on hy- 
drogenation was oxidized by heating in air 
at 150° C until an oxygen content of 27 
percent was reached and the coal was 96 
percent soluble in alkali. This oxidized 
coal upon hydrogenation still showed 37.6 
percent residue and no change in the com- 
position of the liquefied product, indicating 
that the oxidation of the coal substance to 
produce alkali-soluble “humic acids” had 
not degraded the coal substance (or formed 
a new substance capable of being degraded 
by hydrogenation) to such an extent that 

49 Orlov, N. A., Tishchenko. V. V. 5 and Tara- 
senkava, E. M., J. Applied Chem. (U.S.S R.), 
8, 501—4 (1935). 

so Dept, 8cL Ind. Research {Brit.), Fuel Re- 
search Board, Rept. for Year Ended March Si , 
19S6, p. 152. 


any difference in the nature of the hydro- 
genation products could be detected. 

The available data thus indicate that the 
hydrogenation products from the whole 
coal represent about equally well the prod- 
ucts from any single chemical component 
and suggest that their general skeletal 
structures are similar and that such dif- 
ferences as do exist are due either to 
peripheral groups (carboxyl and hydroxyl 
groups to confer alkali solubility on the 
humic acids) or to various degrees of poly- 
merization (to account for the differences 
in solubility in benzene of parts of the 
coal). 

Concerning the constituents that are not 
resolved into soluble products, that is, parts 
of the fusain and opaque attritus, and the 
anthracite coals, it can only be speculated 
that a polynuclear cyclic structure of a far 
greater degree of condensation would ac- 
count for their inert characteristics. 

Relation between Rank of Coal and 

Nature of the Reduction Products 

The patent disclosures of Bergius 2 which 
pointed out that only coals containing less 
than $5 percent carbon are suitable for 
conversion into oils suggest that the nature 
of the products might vary with the rank 
oi the coal. Fischer and Tropseh 3 showed 
that the hydriodie acid reduction of coal 
proceeded more readily with younger coals. 
Four bituminous coals having coke yields 
of 89, 85, 78 , and 64 percent gave under 
identical conditions of reduction 12.1, 17.7, 
54.6, and 70.3 percent of chloroform-soluble 
products, respectively. A cannel coal and 
a brown coal gave 49 and 60 percent re- 
spectively of chloroform-soluble products. 
The authors stated that the products from 
the various coal had essentially the same 
properties. 

Fischer and Schrader 4 obtained material 
balances for the ether-soluble fraction, the 
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insoluble fraction, and the gases resulting 
from the reduction of coals of various ranks 
by means of aqueous sodium formate at 
400° C. They showed that there was an 
increased conversion to low-molecular- 
weight material with decrease in rank of 
the coal (Table XIX). 

TABLE XIX 

Products op the Reduction of Coals of 
Various Rank by Aqueous Sodium Formate 
at 400° C 4 

Percent of Dry, Ash-Free Coal 


Coal 

Ether 

Soluble 

Residue 

Gas 

Anthracite 

1.6 

95.5 

2.9 

Lean coal 

10.7 

74.7 

14.6 

Fat coal 

9.2 

68.7 

22.1 

Flame coal 

'39.2 

46.9 

13.9 

Cannel coal 

28.2 

22.3 

49.5 

Brown coal 

45.0 

6.6 

48.4 

Lignite 

26.8 

10.2 

63.0 

Peat 

24.2 

4.7 

71.1 

Lignin 

22.3 

35.4 

42.3 

Cellulose 

12.9 

3.2 

83.9 


Graham and Skinner 32 summarized a 
series of investigations 30 » 51 in which it was 
shown that the hydrogenation of English 
coals of various ranks using phenol as a 
vehicle resulted in phenol-insoluble residues 
ranging from 20 percent for lignites to 90 
percent for anthracite coals. Some simi- 
lar 52 work on American coals was incon- 
clusive, possibly because of lack of agita- 
tion of the reaction mixture. 

Boomer, Saddington, and Edwards 53 
have published a materials balance of the 
products of the hydrogenation of thirteen 
Canadian coals ranging in rank from an- 
si Shatwell, H. G., and Bowen, A. R., Fuel , 4, 
252-5 (1925). Skinner, D. G., and Graham, J. 
I., ibid., 4, 474^85 (1925). 

52 Benschlein, W. L., and Wright, C. C., Ind. 
Eng. Chem ., 24, 1010-2 (1932), 20, 465-6 (1934). 

53 Boomer, E. H., Saddington, A. W., and Ed- 
wards, J., Can . J. Research, 13B, 11-27 (1935). 


thracite to lignite. The hydrogenations 
were carried out in a batch autoclave at 
450° C with tetralin as a vehicle and mo- 
lybdic oxide as catalyst. These material 
balances, Table XX and Fig. 4, show that 
for a given hydrogenation treatment the 
yield of lower-moiecular-'weight material 
increases with decrease in rank of the coal 
treated. 



Fig. 4. Effect of rank of coal on the nature 
of the hydrogenation products. 38 

The work of LeClaire, 27 discussed previ- 
ously, showed that for four bituminous 
coals of different ultimate carbon content 
the petroleum-ether-soluble portions of the 
hydrogenation products were quite similar 
except that the products from the coals of 
lower carbon content were, on an average, 
of slightly lower molecular weight. 

The hydrogenation-liquefaction of petro- 
graphic constituents from coals of various 
ranks 40 > 41 > 42 * 43 was discussed along with 
other work on these constituents. Condi- 
tions were such that only the more un- 
reaetive constituents, fusain and opaque 
attritus, showed increased liquefaction with 
decrease in rank. There was a not well- 
established trend of the heavy fractions of 
the liquefied products to contain more oxy- 
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TABLE XX 


Materials Balance of Products from the Hydrogenation of 
Thirteen Canadian Coals 53 




A 

B 

c 

D 

E 

F 

G 

H 

J 

K 

L 

M 

N 

Ultimate analysis of the 

C 

92.45 

90.65 

SS.30 

87.25 

84.70 

83.30 

79.10 

78.65 

77.40 

76.70 

74.9 

73.10 

71.65 

dry, ash-free coals: 

H 

4.05 

4.40 

5.20 

5.60 

5.55 

6.05 

5.4 

5.30 

5.2 

5. 15 

5.25 

5.2 

5.15 


O 

1.6 

2.5 

4.8 

5.2 

S.l 

7.S 

13.1 

14.4 

14.8 

15.4 

17.8 

20.1 

21.7 


C/H 

23. I 

20. S 

17.1 

15.6 

15.3 

13.9 

14. S 

14.3 

15.0 

15.0 

14.4 

14.2 

13.9 

Hydrogenation products: 















Organic residue 


S7.S 

65.1 

27.7 

15.0 

13.0 

8.0 

9.3 

10.7 

4.9 

4.3 

8.8 

3.3 

3.8 

Pitch, b.p. > 300° C 


11.5 

2S.3 

47.0 

37. S 

42.4 

30.6 

32. S 

26.4 

29.4 

21.8 

24.5 

25.3 

20.3 

Gases and distillable oils 


0.7 

6.6 

24.7 

47.2 

41.9 

60.1 

44.9 

52.9 

57.2 

57.7 

48.9 

59.9 

57.5 

Water 


0.0 

0.0 

0.6 

0.0 

2.7 

1.3 

13.0 

10.0 

8.5 

16.2 

17.8 

11.5 

18.4 


gen as the rank of the parent substance 
decreased. However, the light or distillate 
fractions showed a well-defined increase in 
phenol content with decrease in rank of 
the parent substance. The gaseous prod- 
ucts from the lower-rank material also 
showed a greater carbon dioxide content. 
Warren and Bowles 16 also noted that the 
oxygen of lower-rank coals, although ap- 
pearing largely as carbon dioxide and water 
in the hydrogenation products, appeared 
also in the form of increased phenolic con- 
tent of the oils as the oxygen content of 
the coals increased. This effect of rank 
on the reduction products of coal suggests 
that younger coals are characterized by a 
structure in which the points of fission are 
more numerous and peripheral groups con- 
taining oxygen are more abundant, but in 
which the stabile or fission-resisting units 
are of the same nature, except for a smaller 
size, as those in more mature coals. 

Since, as commonly accepted, coal has 
been formed from the accumulated remains 
of plant life which have undergone a series 
of reactions termed "coalification,” it is of 
interest to note the results of the reduction 
or hydrogen oly sis of the plant remains be- 
fore coalification has set in. Willstatter 
and Kalb 54 reduced lignin by means of 
hydriodic acid and phosphorus in sealed 

54 Willstatter, R., and Kalb, L., Ber., 55, 2637- 
52 (1922). 


tubes at 2S0° C to obtain a mixture of 
hydrocarbons boiling from 200° C at atmos- 
pheric pressure to 250° C at 2 millimeters 
with molecular weights from 170 to 350 
and atomic hydrogen-to-earbon ratios of 

I. S2 to 1.64. A nondistilling residue had a 
molecular weight of 725-850 and a hydro- 
gen-to-earbon ratio of 1.63 to 1.58. The 
authors pointed out that the hydrocarbons 
must be a mixture of polycyclic hydrogen- 
ated ring structures, and later Schrauth 55 
showed that the largest fraction was iden- 
tical in physical and optical properties with 
his synthetic preparation of perhydrotri- 
phenylene. The hydrogenation 56 of lignin 
from aspen ivood at 250° C over copper 
chromite catalyst yielded methyl alcohol 
and oxygenated derivatives of alkyl cyclo- 
hexanes and 35 percent of high-boiling 
products which from their analysis and 
boiling point had an average composition 
oi O25H32O3 or O04H04O4. 

The hydrogenation of wood 57 in a tetra- 
lin medium without catalyst yielded water 
(strongly acidic), light aldehydic smelling 
oils, and small amounts of pitch, but no 
residue. 

55 Schraiitb, W., Z. ange-w. Ghent., 36, 149-52, 
571 (1923). 

56 Harris, E. E., D’lanni, J„ and Adkins, H., 

J. Am. Chem. Soc., 66, 1467-70 (1938). 

57 Boomer, E. H., Argue, G. H., and Edwards, 
J., Gan. J . Research , 13B, 337-42 (1935). 



FORMATION OF HYDROGENATION 

Cellulose treated 58 at 440° C with hy- 
drogen at 120 atmospheres in the presence 
of nickel oxide was completely converted 
to soluble and gaseous products: the 22.4 
percent of soluble products consisted of 77 
percent neutral oil, 2.3 percent phenols, and 
22.4 percent of a brown powder insoluble 
in ether. 

Bergius 59 subjected cellulose to thermal 
decomposition in a closed vessel under 
pressure of the autogeneous gases to obtain 
a coallike substance which on hydrogena- 
tion gave small quantities of oil resembling 
petroleum. 

These meager data on hydrogenation of 
plant-life remains indicate that these re- 
mains must have undergone considerable 
alteration during coalification in order to 
attain the resistance to degradation by 
hydrogenolysis that is exhibited by coal. 

Mechanism of the Formation of the 

Hydrogenation Products and Their 
Primary Nature 

It was recognized rather early that the 
production of low-molecular-weight sub- 
stances by the action of reducing agents on 
coal was a combination of thermal cracking 
and hydrogenation. Kling 60 considered the 
process of Bergius to be one of dissociation 
similar to the reaction 2HI ±=; H 2 + I 2 
except that the dissociation products of 
hydrocarbons were unstable and the re- 
action was not reversible. Bergius 61 de- 
scribed his process of liquefaction as a 
competition between hydrogenation and 
destructive distillation. Hlavica 62 distin- 

58 Bowen, A. R., Shatwell, H. G., and Nash, 

A. W., J. Soc. Chem. Ind., 44, 507-11T, 526T 
(1925). 

59 Bergius, F., J. Soc. Chem . Ind., 32, 462—7 
(1913). 

60 K lin g, A. J., Chimie & Industrie , 11, 1067— 
77 (1924). 

61 Bergius, F., Ind. Eng . Chem., News Ed., 4, 
No. 23, 9-10 (1926). 

62 Hlavica, B., Brennstoff-Chem., 9, 229-31 
(1928). 


PRODUCTS AND THEIR NATURE 397 

guished two phases of the reaction, the in- 
itial phase characterized by large hydrogen 
absorption and little formation of gases and 
yielding an asphaltic product, and a second 
phase in which hydrogen absorption is 
small and gas formation large, and the 
product becomes a low-molecular- weight 
oil. The initial phase may be regarded as 
a combination of depolymerization with 
subsequent hydrogenation; the second 
phase involves cracking and some hydro- 
genation of the fragments. 

The primary liquefaction of coal by hy- 
drogenation is characterized, especially in 
the earh’ stages, by the elimination of oxy- 
gen, principally as water, but also as car- 
bon dioxide and low -molecular-weight phe- 
nols. 35 This oxygen which is easily elimi- 
nated is probably combined differently 
from the remainder of the oxygen. Where 
the reaction has been exhaustive, nearly 
all the oxygen may, of course, appear as 
water or carbon dioxide. 63 

The effect of physical variables upon the 
physical and chemical composition of the 
products from the continuous hydrogena- 
tion of coal gives some information of the 
mechanism of the process. In Table XXI 
are given some data on the distribution of 
oxygen among the hydrogenation products 
of a bituminous coal at various degrees of 
conversion to volatile products. The hy- 
drogenations were carried out in a continu- 
ous plant, and the extent of reaction is 
expressed in the ratio of overhead (vola- 
tile) to heavy (nonvolatile) oils. 

Table XXI shows that 45 percent of 
the oxygen appears as water and carbon 
dioxide when the ratio of overhead to 
heavy oil is small, and the heavy oils ac- 
count for twice the oxygen accounted for 
in the overhead oils. At higher ratios of 
overhead to heavy oil, the oxygen in the 

63 Von Mafcray, I., Brennstoff-Chem., 11, 61-4 
(1930). 
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TABLE XXI 

Oxygen Distribution in Hydrogenation 
Products 10 


Total Oxygen in Ratio of 


h 2 o 

C0 2 

Overhead 

Oil 

Heavy 

Oil 

Oil tu 
Heavy Oil 

percent 

percent 

percent 

percent 


42.4 

3.0 

IS. 2 

36.4 

0.41 

45.2 

2.3 

22.6 

29.9 

0.62 

50.0 

G.2 

20.8 

23.0 

0.78 

47.4 

2.8 

28. 6 

21.2 

0.90 

51.9 

6.2 

28. 1 

13. S 

1.38 

58.3 

6.6 

23.1 

12.0 

1.68 

59.4 

5.9 

29.7 

5.0 

1.72 


heavy oils diminishes and that in the over- 
head oil increases,, but not proportionately, 
increased formation of water and carbon 
dioxide accounting for the difference. Al- 
though the oxygen in the heavy oils may 
pass directly to water, the increase in oxy- 
gen content ox the overhead oils with in- 
creased conversion and the fact that oxy- 
gen in the overhead oils is almost exclu- 
sively phenolic at both low and high con- 



Figs. 5 and 6. Effect of temperature and time 
hydrogenation of coal in a continuous plant. 8 * 


versions favors the overhead oils as an 
intermediate step, the mechanism being: 

Heavy oil oxygen -» Overhead oil phenols 
-» Hydrocarbons plus water 

Booth and Williams 64 varied hydrogen 
input, hydrogen pressure, paste input (re- 
action time), and temperature from stand- 
ard conditions of 1,600 liters per hour of 
hydrogen, 1 kilogram per hour of paste 
(4 hours' reaction time), 200 atmospheres 
pressure, and a temperature of 440° C. 
Hydrogen input and pressure had little 
effect, but Figs, 5 and 6 show the different 
yields of various products as temperature 
and time of reaction were varied. It is 
apparent that the formation of soluble 
products is the first step in the degrada- 
tion, being 90 to 95 percent complete 
under the mildest conditions reported. The 
reactions which produce increasing amounts 

64 Booth, N., and Williams, F. A., J. Inst. Fuel , 
11, 493-502 (1938). 



0.5 1.0 1.5 

Paste Input, kg/hr. 


(paste input) on yields of various products from 
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of low-boiling material require higher tem- 
peratures and longer reaction time. The 
nearly parallel lines for yields of materials 
of various boiling ranges indicate that the 
reactions involved have approximately the 
same energy requirement, which is consid- 
erably greater than the energy require- 
ment for the reaction giving rise to soluble 
products. The uniformity of energy re- 
quirements for the steps heavy oil to middle 
oil to spirit to gas, and the fact that the 
last step is undoubtedly a cracking reac- 
tion, indicate that all these steps are the 
result of cracking reactions. The forma- 
tion of soluble products has proceeded so 
far under the mildest conditions recorded 
in this research that no conclusions can be 
drawn as to relative energy requirements 
of this reaction. However, inasmuch as 
this first step takes place so much more 
readily than the succeeding steps, the deg- 
radation probably involves the breaking 
of weaker bonds than those involved in the 
degradation of heavy oil to light oil. A 
degradation reaction such as depolymeri- 
zation is indicated. 

Since the conversion to lighter products 
appears to be a stepwise process: Residue 
-» Heavy oil -> Middle oil Light oil Gas 
(some gas formation, of course, accom- 
panies each step), and the essential cyclic 
nature of the middle oils appears to be the 
same whether a small or large fraction of 
heavy oil has been converted to lighter 
material, conclusions as to the carbon-to- 
carbon bonding in coal drawn from the 
nature of the middle oils are applicable to 
a large percentage of the carbon appearing 
as heavy oil. Carbon in insoluble residues, 
especially where drastic treatment has been 
resorted to, probably should not fall in the 
category of the carbon in the heavy oils. 
Although the general nature of the carbon 
and oxygen linkages of the heavy oils may 
be inferred from those of the middle oils 


regardless of the extent of the reaction, 
the relative distribution of sizes of stable 
nuclei is safely arrived at only when no 
extensive cracking or rupture of carbon-to- 
carbon bonds has taken place, that is, only 
when conditions have been such that large 
amounts of gaseous hydrocarbons have not 
been formed. It is significant that, even 
with bituminous coals, 60 to 70 percent of 
the carbon of the coal can be converted to 
soluble products of which 40 percent or 
more are distillable products without 
appreciable formation of hydrocarbon 
gases. 26 ’ 27 

Horton, King, and Williams 65 used a 
hydrogen recirculating system with appro- 
priate traps to determine the change with 
time in composition of the volatile oils 
from the hydrogenation of coal. From 
Table XXII it is evident that the phenols 
are formed largely in the earlier part of 
the reaction. It is probable that the 
phenols formed later in the reaction at 
this temperature are destroyed as fast as 
formed. Additional results at a lower re- 
action temperature would be very instruc- 
tive. 

The results of some unpublished experi- 
mental work done in Germany were re- 
ported 38 as indicating that primary hydro- 
genation of coal is a stoichiometric reaction 
at 360° C. In the hydrogenation products, 
20 percent of the carbon always appeared 
as gases and SO percent as solid or liquid 
products. Half of the oxygen remained in 
the solid or liquid products which have a 
composition expressed by the formula 
(C 16 H 16 0)a.. Fractionation of this hydro- 
genation product gave a series of substances 
all having a earbon-to-oxygen ratio of 16, 
but with a hydrogen content of 12 to 24 
atoms per 16 carbon atoms. Goal "was re- 
garded as built up of urn form building 

65 Horton, L King, J. G., and Williams, F. A., 
J. Inst. Fuel , 7, 85-102 (1933). 
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Composition of Oils Produced at Different Stages in the Hydrogenation of Coal, 
Percentage of Ash-Free Coal 65 


Charge 
Coal alone 


Coal -f 0.1% SnOH 


Coal -r Vehicle 


Coal -j- Vehicle and 0.1%. SnOH 


During Interval at Reaction 

t0 Temperature 

Reaction f * — — — 


Components 

Tem- 

perature* 

1st 2nd 

Hour Hour 

3rd 

Hour 

Total 


percent 

percent percent 

percent 

percent 

Phenols 

4.5 

0.8 


0.1 

5.4 

Bases 

0.8 

0.4 


0.2 

1.4 

Neutral oil 

13.2 

4.4 


6.4 

24.0 

Pitch 

3.1 

1.8 


2.5 

7.4 

Total 

21.6 

7.4 


9.2 

38.2 

Phenols 

2.7 

1.2 

0.2 

0.1 

4.2 

Bases 

0.5 

0.8 

0.4 

0.4 

2.1 

Neutral oil 

14.5 

14.0 

9.0 

13.8 

51.3 

Pitch 




1.6 



— 

— 

— 

— 

— 

Total 

17.7 

16.0 

9.6 

15.9 

57.6 

Phenols 

3.9 

1.6 



5.5 

Bases 

0.8 

0.5 


0.3 

1.6 

Neutral oil 

10.8 

13.8 

3.6 

11.6 

39.8 

Pitch 



-0.1 

1.9 

1.8 

Total 

15.5 

15.9 

3.5 

13.8 

48.7 

Phenols 

4.3 

1 .5 

0.3 

0.3 

6.4 

Bases 

1.5 

0.6 

0.1 

0.6 

2.8 

Neutral oil 

18.3 

16.1 

5.9 

12.5 

52.8 

Pitch 


<.01 

1.0 

1.6 

2.5 

Total 

24.1 

18.1 

7.3 

15.0 

64.5 


* Four hours to 400 s C ; 1 hour, 400 to 450° C ; reaction temperature, 450° C. 


units, and the hydrogenation reaction was 
written: 

(C20H1GO2)* 

(C 16 H ie O)* 4- CO + C0 2 4- CH 4 

Some data on the kinetics of the primary 
liquefaction of coal by hydrogenation have 
been published by Storch and his cowork- 
ers at the IF. S. Bureau of Alines. 35 * 66 * 67 

66 Storch, H. H., Fisher, C. H., Eisner, A., and 
Clark, L., Ind. Eng . Chem 32, 346-53 (1940). 


This work was done in a rotating 1.2-liter 
bomb, using equal weights (100 grams 
each) of tetralin and coal plus 1 percent of 
tin sulfide. The relationship between lique- 
faction and hydrogen consumption and 
oxygen removal and the effect of time and 
temperature were studied. The extent of 
liquefaction was measured in terms of solu- 

67 Fisher, C. H., Sprunk, G. C., Eisner, A., 
Clark, L., Fein, M. L*., and Storch, H. H., Fuel, 
19, 132-8 (1940). 
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bility in acetone and benzene. Oxygen re- whose slopes show a temperature coefficient 

moved was arbitrarily defined as the oxy- of about 1.2 for a 1Q = C temperature 

gen not remaining in the acetone-insoluble change. This rather low temperature co- 
residue or the pitch left after distilling efficient indicates that the slow step in- 

from the soluble material everything vola- volved is probably a diffusion process, 

tile up to 215° C. A Pittsburgh Seam coal The hydrogen molecule is probably not in- 

from the U. S. Bureau of Mines' experi- volved in this rate fixing because its speed 

mental mine at Bruceton, Pa., was studied of diffusion as the result of its small size 

TABLE XXIII 07 

Analyses of Anthraxylons (Percentage by Weight) 


Ultimate (Dry, Ash-Free Basis) 


No. 

State or Country 

Hydro- 

gen 

Car- 

bon 

Nitro- 

gen 

Oxy- 

gen 

Sul- 

fur 

C H 

C H 

Calorific 
* Value 

1 

Washington 

percent percent 

4.9 74.6 

percent percent 
0.3 19.9 

percent 

0.3 

15.2 

31.7 

calories 
per gram 

2 

Washington 

4.0 

74.2 

0.4 

20.1 

0.3 

14.8 

30.9 

7,044 

3 

Denmark 

5.0 

76.5 

0.6 

17.5 

0.4 

15.3 

2S.3 

7,328 

4 

(Faroe Islands) 
Denmark 

4.7 

75.6 

0.5 

18.8 

0.4 

16.1 

33.6 

7,106 

5 

(Faroe Islands) 
Ohio 

5.6 

81.5 

1.6 

8.3 

3.0 

14.6 

19.2 

8,106 

6 

Ohio 

5.5 

81.7 

1.6 

8.3 

2.9 

14.9 

19.7 

8,094 

7 

Pennsylvania f 

5.5 

84.5 

1.6 

7.3 

1.1 

15.4 

19.8 

8,366 

8 

Pennsylvania J 

5.3 

87.1 

1.7 

5.0 

0.9 

16.4 

20.1 



% O % N 

* Carbon /available hydrogen ; available hydrogen — % ZL 

t Pittsburgh, Allegheny County. 
t Westmoreland County. 


initially, and then, in order to evaluate the is much greater than that of the other 
effect of rank and eliminate effects that molecules involved. Changes in rate of 
might result from differences in petro- hydrogenation resulting from change in 
graphic composition, anthraxylon separated hydrogen pressure are probably due both 
from several coals of different ranks was to changes in the amount of hydrogen ad- 
studied. The five anthraxylon samples se- sorbed on the catalyst and to displacements 
lected contained from 5 to 20 percent oxy- of the equilibria involved. The change in 
gen; their ultimate composition is shown slope of the 415° C curve at about 9 hours 
in Table XXIII. may he due to reversible hydrogenation of 

Rate of Hydrogen Consumption * 6 ’ 67 unsaturated compounds, the equilibrium 
Figure 7 shows the rate at which hydrogen favoring saturation at 400° C changing 
was consumed at various temperatures, rapidly at higher temperatures in favor of 
After a steep rise during the first hour the the unsaturated molecules. This statement 
curves of, hydrogen consumption versus is also supported by Fig. 8, which shows 
time are a series of virtually straight lines that the maximum hydrogen content of the 
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Fro. 7. Rate of hydrogen consumption during hydrogenation of coal. 68 , 87 



300 340 380 420 460 

Temperature f °C. 


Fig. 8. Effect of temperature of hydrogenation of coal on carbon and hydrogen contents of result- 
ing pitches. 4 ®, 67 


Hydrogen Percent 
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main product (pitch) occurs at about 
410° C. The steep rise of the curve for 
hydrogen consumption during the first 
hour may be due to a combination of 
reaction at the surface layer of the coal 
particles and diffusion of hydrogen into 
the body of the coal particle as it becomes 


from Fig. 15 that beyond 80 percent lique- 
faction hydrogen consumption continues 
with only little change in the degree of 
liquefaction, which indicates that the prin- 
cipal reaction in this region is that of 
hydrogen with the liquid phase. Figure 11, 
where hydrogen consumption is plotted 



J ..,-1 1 1 I . i 1 I I I ! l i 1 

2 4 6 8 10 12 14 16 


Time of Hydrogenation, Hours 

Fig. 9. Rate of oxygen removal from coal during hydrogenation. 66 , 67 


more permeable as the result of solvent 
action and heat. 

The curves of Fig. 7 are characteristi- 
cally different from those for the rates of 
oxygen elimination and of coal liquefaction 
as given in Figs. 9 and 10, respectively. 
These comparisons show that there is no 
direct or simple relation between the hydro- 
gen consumption and either oxygen re- 
moval or liquefaction. Such a relation was 
scarcely to be expected in view of the con- 
siderable number of possible hydrogen- 
consuming reactions that may have been 
taking place concurrently. It is evident 


against oxygen elimination, shows that hy- 
drogen consumption continues long after 
the majority of the oxygen has been elimi- 
nated. 

As to the effect of the rank of a coal 
upon hydrogen consumption, Fig. 12 
shows that, of five anthraxylons of differ- 
ent rank, the anthraxylon of lowest rank 
and highest oxygen content (Washington) 
consumed the least hydrogen and had the 
lowest rate of hydrogen consumption. 
However, no definite trend is noted; Ohio 
anthraxylon, which -was of intermediate 
rank and oxygen content, showed the highest 





Fig. 11. Relation between oxygen remaining in coal and the amount of hydrogen consumed during 
the hydrogenation of coal.*®, 87 
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hydrogen consumption. Data on a larger 
number of samples are required, and a 
careful evaluation of possible factors such 
as resin content should be made. The con- 
stant rate of hydrogen consumption after 
the first hour characterizes all the anthra- 
xylons as it did the whole coal. 

Rate of Liquefaction . 66 > 67 Inasmuch as 
liquefaction was measured by determining 
the amount of material remaining insoluble 


using the equation for a first-order reaction 
is given in Fig. 13. When corrected for the 
rate of heating to reaction temperature the 
initial slopes (at t = 30 minutes) yield the 
following Temperature coefficients: 

Temperature inter- 
val, °C 310-355 355-370 370-3S5 3S5-4GO 

Temperature coef- 
ficient per 15° C 1.5 1.8 

Activation energy, 

kilogram calories 6.6 32.0 56.0 65.0 



3 6 9 12 



Hydrogenation Time, Hours at 400° C 


Fig. 12. Rate of hydrogen consumption for various anthraxylon samples. 66 , 6 


in acetone and benzene, it is apparent that 
“liquefaction” means decrease in molecular 
weight until the products are gaseous 
under normal conditions or are dissolved by 
the solvent treatment. Any further de- 
crease in molecular weight is not evaluated 
by the percentage liquefaction. 

Figure 10 shows the percentage conver- 
sion into soluble material plus gases at 
various times and temperatures. Since the 
extent of liquefaction is independent of the 
rate of consumption of hydrogen and vir- 
tually all the vehicle was recovered as such, 
the rate of liquefaction may be considered 
to depend only upon the concentration of 
the coal substance. A plot of the data 


At 8 and 12 hours the temperature co- 
efficients are as follows: 

Temperature inter- 
val, °C 310-355 355-370 370-385 3S5-400 


Temperature coef- 
ficient per 15° C 
t = 8 hours 1 . 5 

1.2 

-3.0 

-1.1 

t — 12 hours 


-3.4 

-1.4 

Activation energy, 

kilogram calories 6 . 6 

10.0 

o 


The temperature coefficients (at t - 30 
minutes) indicate that at least two proc- 
esses are involved in the liquefaction proc- 
ess: (1) One is solution or extraction of 
the coal substance, characterized by a low 
temperature coefficient of about 1.2 per 
10° C and by the fact that it appears to be 



Oxygen Removed, Grams 



Time, Hours 


Fig. 13. Liquefaction data presented as first-order reactions. 66 ,® 7 



10 20 30 40 50 60 70 80 90 100 


Liquefaction Yield, Percent 

Fig. 14. Relation between oxygen removed and conversion of dry, ash-free coal into gases and 
benzene-soluble materials, presenting data for all temperatures and times, of reaction studied. 6 *, aT 
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the principal process occurring at tempera- The apparent negative temperature eo- 
tures below 370° C. The limiting factor efficients at t = S and 12 hours for tera- 

in this process is probably diffusion of the peratures above 370° C may be caused by 

dissolved material away from the solute the fact that the coal substance is not a 
surface. (2) Beyond 370° C the tempera- chemically pure material and that its cou- 
ture coefficient of liquefaction increases stituents (anthraxylon, translucent attritus, 

rapidly to about 2.0 per 10° C, the activa- and opaque attritus) have different first- 

3.0 


4.8 


4.0 


3.2 


2.4 


1.6 


ns 

10 20 30 40 50 60 70 80 90 100 

Liquefacation Yield, Percent 

Fig. 15. Liquefaction yields and hydrogen consumption. 66 , cr 

tion energy remaining at about 60 kilo- order rate constants. An additional possi- 

gram calories in the range 370 to 415° C, bility in explaining these negative tempera- 

indicating that a chemical reaction, prob- ture coefficients is the precipitation of 

ably a thermal decomposition of the coal polymers formed by condensation of the 

substance, is effecting liquefaction. This products of the initial thermal decomposi- 

thermal decomposition may or may not be tion before the products could be stabilized 

identical with the reaction causing the by reaction with hydrogen. These poly- 
rapid e lim ination of 60 percent of the oxy- mers are more stable than the original coal 

gen. (See Fig. 14.) Immediately after the substance, and hence the rate constants 

production of free radicals or unsaturated for their liquefaction would be smaller than 

molecules by the thermal decomposition re- for the original coal. At temperatures of 

action, most of these units are stabilized by about 440° C and pressure of 180 atmos- 

catalytic hydrogenation. pheres of hydrogen the rate of precipita- 
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tion of polymers exceeds the rate of lique- two anthraxylons of lowest rank, and, as 
faction ; hence, increased amounts of residue for hydrogen consumption, the implied cor- 
appear which are commonly designated as relation between rank and liquefaction rate 
coke! This is well shown in Fig. 15, where should be verified by further experiments, 
liquefaction yield is plotted against hydro- With data at only one temperature for the 



0 2 4 6 8 10 12 14 16 

Time, Hours 

Fig. 16. Oxygen removal during tbe hydrogenation of coal, plotted as first-order reactions. 66 . 67 

gen consumption ; the reversion, just above liquefaction of these relatively homogeneous 
400° C, of the curve for liquefaction yields materials, no temperature coefficients were 
at 3 hours is quite apparent. available to clarify the cause of the nega- 

The hydrogenations of the five anthrax- tive temperature coefficient obtained for 
ylons of different ranks were carried out at whole coal. 

400° O only. At this temperature the Rate of Oxygen Removal . 66 * 67 Data for 
liquefaction yields were greater than 96 the rates of oxygen removal from Bruceton 

percent at the end of the first 3-hour period coal by hydrogenation at various temperar 

for all samples except the Washington and tures are shown in Fig. 9. In considering 

Denmark anthraxylons, which w T ere 72 and these rates, it should be recalled that they 

93.4 percent, respectively. These are the are independent of the rate of hydrogen 
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consumption. Also, as will be shown, the 
oxygen-removal rates have temperature co- 
efficients considerably larger than those 
characteristic of diffusion processes, indi- 
cating that the rates measured are those 
of chemical reactions. The abrupt changes 
in slope of the curves in Fig. 9 suggest a 
series of successive unimolecular reactions. 

In Fig. 16, the oxygen-removal rates are 
plotted as if the reaction were first order 
with respect to the concentration of coal 
substance. For a simple unimolecular re- 
action these curves -would be straight lines. 
The curves of Fig. 16 indicate that the 
reaction is of higher order than first or 
consists of a number of first-order reac- 
tions of different rates. 

A plot of the data according to the bi- 
molecular equation gave completely un- 
satisfactory results and indicated consecu- 
tive first-order reactions for the oxygen- 
removal process. When corrected for a 
2° C per minute rate of heating to reaction 
temperature, the initial slopes (to t - 30 
minutes) of the curves of Fig. 16 yielded 
the following temperature coefficients: 


Temperature interval, °C 370-385 

385-400 

400-415 

Temperature coefficient per 
15° C 

3.4 

2.9 

2.8 

Activation energy, kilogram 
calories 

69 

65 

64 


These coefficients appear to show that the 
initial oxygen-removal reaction above 370° 
is a thermal decomposition of the coal sub- 
stance. At t = 8 and 12 hours, the tem- 
perature coefficients are: 

Temperature interval, °C 370-385 385-400 400-415 
Temperature coefficient per 
15° C 

£ = 8h.ours —210 2.0 —1.7 

f = 12 hours 1.1 2.0 —1.5 

Activation energy, kilogram 
calories ? 42 ? 

The negative coefficient for the interval 
370-385° C up to 8 hours’ reaction time 
may be due to the fact that the initial fast 


reaction has not yet been completed at 
8 hours. At 12 hours at 370-3S5 and at 

5 hours at 385-400° C the second and slower 
reaction, or group of reactions, only is in 
evidence and a positive coefficient appears. 
Extrapolation to zero time of the curve for 
the slow rate indicates that roughly 60 per- 
cent of the oxygen of this Pittsburgh Seam 
coal is removed at the faster initial rate; 
oxygen lost as carbon dioxide is only about 

6 percent of the total oxygen content. Be- 
tween 400 and 415° C, the second reaction 
is largely obscured by some phenomenon 
that results in still slower oxygen removal; 
it may be condensation, producing more 
stable molecules from which oxygen is elim- 
inated at a very slow rate. These con- 
siderations may indicate the presence of 
two different species of oxygen (in addition 
to that yielding carbon dioxide, which is 
only a small part of the total), or, since 
oxygen removal meant formation of sub- 
stances volatile below 200 c C, they may 
indicate compounds containing a single type 
of oxygen such as ethers which decompose 
thermally to yield phenolic fragments only 
a part of which are volatile; the removal 
of oxygen from the nonvolatile phenolic 
fragments by reduction to water and hydro- 
carbon then constitutes the second or slow 
reaction. The temperature coefficients at 
t - 8 and t = 12 and the activation energy 
of 42 kilogram calories are of doubtful ac- 
curacy, owing to overlapping of reactions 
with different rate constants. 

More recent work by the authors cited 
has established that the oxygen-elimination 
reactions are at least in part catalytic 
in nature. 65 

The general picture of the kinetics of 
oxygen removal is not altered by a differ- 
ence of rank in the coal substance studied. 
Figure 17 shows the oxygen-removal-rate 
curves for the five anthraxylons of different 


6s Private communication. 
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ranks which were studied. Only the slow 
portion of the curves and their extrapola- 
tions are shown. As was true for the whole 
coal, roughly 60 percent of the total oxygen 
of the three higher-rank anthraxylons was 


xylon, and the probable loss of carbon diox- 
ide by absorption in the ammoniacal liquor 
also formed during hydrogenation would in- 
dicate that very likely the true figure was 
still higher. The presence of considerable 



Fig. 17. Rates of oxygen removal from anthraxylons by hydrogenation at 400° C. 68 , 87 


removed by the fast reaction. For the two 
lower-rank anthraxylons this figure was So 
percent. The increased elimination of oxy- 
gen in the form of carbon dioxide in these 
two instances (see Fig. IS) accounted for a 
large part of the difference noted. Indeed, 
the oxygen actually accounted for as carbon 
dioxide was as high as 16.5 percent of the 
total oxygen in the Washington anthra- 


amounts of alkali-soluble material in coals 
of lower rank suggests that this carbon 
dioxide results from the decarboxylation. 

Gas Evolution , 66 > 67 The effect of tem- 
perature on the yields of gases is shown 
by Figs. 19 and 20. During the first 3 
hours the yield of carbon dioxide increases 
with temperature to about 400° C and then 
decreases. The methane and higher hydro- 
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carbon yields increase rapidly with tem- 
perature, especially above 400° C. Higher 
hydrocarbons were not found in the hydro- 
genation gases at temperatures of 370° C 
and lower, but at higher temperatures large 
quantities, exceeding those of methane, 
were indicated. Figure 19 also contains 



Temperature, °C 

Fig. 20. Rate of gas evolution during the 
hydrogenation of coal. 4 ®. 67 


data on hydrogen consumption as a func- 
tion of temperature; increasing methane 
production is concomitant with increasing 
hydrogen consumption. 

Above 4oG c C the temperature coefficient 
for gas formation increases sharply with 
increasing temperature. It is likely that 
the main source of gaseous hydrocarbons 
above 430 = C is the thermal decomposition 
of the products of the primary liquefaction 
of the coal. 

Pier es has discussed the reactions in- 
volved in the high-pressure hydrogenation 

69 Pier, M.. Trans. Faraday Soc 35, 967-79 
(1939). 


of coal from the viewpoint of the technical 
production of various types of products by 
control of reaction conditions. Hydrogen- 
ation of coal was considered to involve three 
classes of reactions: (1) hydrogenation and 
dehydrogenation; (2) splitting, polymer: na- 
tion, and condensation (breaking and re- 
forming of C — C bonds) ; and (3) refining 
(splitting off of oxygen, sulfur, and nitro- 
gen followed by hydrogenation). 

Olefinic linkages are hydrogenated at the 
catalyst at 200° C. Refining reactions, so 
called because the absence of oxygen, sul- 
fur, and nitrogen is desirable in liquid fuels 
and lubricants, start as low as 300° C. At 
still higher temperatures, breaking of C — C 
bonds occurs. The initial liquefaction of 
the coal to a high-melting “extract” may 
be regarded as a depolymerization, but deg- 
radation to heavy oil and further to light 
oil is the result of cracking. The catalyst 
influences the temperature at which these 
reactions occur. Some catalysts cause pro- 
nounced cracking as low as 350° O. With 
other catalysts the refining reaction and 
hydrogenation may be the main reactions 
as high as 400° C. At 450° C, cracking is 
generally accompanied by hydrogenation, 
but it takes place at 500° C without hydro- 
genation and may even be accompanied by 
dehydrogenation. Polymerization reactions 
may occur simultaneously with refining and 
cracking reactions; they may take place 
more readily as the temperature is in- 
creased but may be suppressed by proper, 
catalysts and increased hydrogen pressure. 
This resume again emphasizes the necessity 
for low temperature, high hydrogen pres- 
sure, and careful selection of catalysts where 
the hydrogenation products from coal are 
to be the basis for a study of the chemical 
constitution of coal. 

In addition to the information obtained 
from the study of the variables of the 
hydrogenation of coal itself, much is to be 
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learned concerning the mechanism of coal 
hydrogenation from a study of the destruc- 
tive hydrogenation of known compounds. 
So far as thermodynamic considerations are 
concerned, all hydrocarbons except the 
three lowest paraffins are unstable at tem- 
peratures above 100° C and owe their con- 
tinued existence above this temperature to 
lack of reactivity. As regards relative sta- 
bility of the various hydrocarbons, the situ- 
ation changes with temperature since their 
free energy versus temperature curves have 
different slopes. In general, the paraffins 
and polymethylenes (naphthenes) are rela- 
tively the more stable hydrocarbons below 
225° C, whereas aromatics and olefins are 
more stable at higher temperatures. Aro- 
matics with paraffinic side chains, though 
more stable than benzene at lower tempera- 
tures, rapidly become less stable above 
450° C. Naphthalene exhibits progressively 
greater stability with reference to benzene 
above this temperature. It is quite prob- 
able that the larger condensed ring struc- 
tures also exhibit the same behavior. The 
question of actual decomposition conditions, 
that is, conditions under which reactivity 
permits approach to thermodynamic equi- 
librium, remains for individual experiment. 
Hydrocarbons of the condensed nuclear 
type— naphthalene, anthracene, and their 
derivatives and analogous compounds — * 
constitute a considerable portion of coal- 
hydrogenation products and accordingly 
have been of interest to those studying the 
destructive hydrogenation reaction. 

Hall 70 has published a comprehensive 
investigation of the destructive hydrogen- 
ation of naphthalene along with a review of 
other work on the subject. It was found 
that, in a nickel-steel converter with a 
hydrogen pressure of 100 atmospheres, de- 
composition of naphthalene set in at tem- 
peratures of 450 to 475° C and became ap- 

70 Hall, C. C., Fuel , 12, 76-93 (1933). 


preciable only at 500° C. In the presence 
of 10 percent of active charcoal containing 
13 percent of ammonium molybdate, naph- 
thalene hydrogenated without rupture of 
the molecule to the extent of 30 percent at 
350 and to over 90 percent at 4Q0 5 C. At 
this temperature, cracking set in, became 
appreciable at 450, considerable at 475, and 



Fig. 21. Hydrogenation products from naph- 
thalene. 70 


at 500° C in 2 hours 50 percent of the 
original naphthalene was converted to hy- 
drocarbons boiling below 160° C. Figure 
21 shows the course of the destructive hy- 
drogenation. The fraction boiling to 160° C 
contained cyclopentane, methylcyclopen- 
tane, cyclohexane and benzene, methylcyclo- 
hexane and toluene, ethylcvclohexane and 
ethylbenzene; the 160 to 195° C fraction 
contained some ethylbenzene but chiefly 
n-butylbenzene. The probable mechanism 
of the destructive hydrogenation of naph- 
thalene is shown in Fig. 22. 

The destructive hydrogenation of 1- and 
2-methylnaphthalene and of 2,6-dimethyl- 
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Above 450 = C. 
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Fig. 22. Course of the destructive hydrogenation of naphthalene.™ 
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naphthalene proceeds 71 like that of naph- 
thalene. In the absence of catalyst little 
or no reaction takes place at 450° C. In 
the presence of a supported molybdenum 
sulfide catalyst, hydrogenation to the cor- 
responding tetrahydromethylnaphthalene is 
almost complete at 400° C. Above 400° C, 
the tetrahydro product decomposes to form 
m- and p-alkyltoluenes. Demethylation of 
the methylnaphthalene and their tetra- 
hydrides proceeds slowly at 450 and rap- 
idly at 500° C. 

In the destructive hydrogenation of in- 
dene, 71 in the temperature range 300- 
500° C, from 30 to 50 percent of the ma- 
terial treated is converted into more com- 
plex products of polymerization and con- 
densation, independently of the presence 
of a molybdenum catalyst. At the lower 
temperatures, truxene and liquid polym- 
erides predominate; at the higher tempera- 
tures, resins and their decomposition prod- 
ucts are formed. The behavior of the re- 
maining 50 to 70 percent of the material 
treated is analogous to that of hydrocar- 
bons of the naphthalene series. Hydro- 
indene is formed and above 400° C is de- 
composed independently of the molyb- 
denum catalyst, forming benzene hydro- 
carbons, principally toluene. The only 
observed effect of the molybdenum catalyst 
on the reactions of indene occurs at tem- 
peratures above 450° C; the polymerization 
of resins to pitch is inhibited, and stable, 
viscous oils are produced therefrom. 

The destructive hydrogenation of oxy- 
genated compounds also has been studied. 
It has been found that phenol 72 and the 
cresols 73 in the absence of a catalyst are 
fairly stable at 450° C. The dihydrie phe- 
nols 73 are much less stable, resorcinol being 

71 Hall, C. C., J. Soc . Chem. Ind ., 54, 208-17T 
(1935). 

72 Cawley, C. M., Fuel , 11, 217-21 (1932). 

73 Cawley, C. M., ibid., 12, 29-35 (1933). 


partly, and hydroquinone completely, de- 
composed to carbon, pitch, and water at 
this temperature. 

In the presence of a catalyst, commenc- 
ing between 300 and 350° C and becoming 
rapid at 450° C, phenol and cresol are con- 
verted to neutral oils, mainly benzene and 
cyclohexane, and toluene and methylcyclo- 
liexane. The dihvdric phenols behave dif- 
ferently. It appears that one or both ox 
the hydroxyl groups break off under the 
action of heat alone, and the catalyst plays 
the secondary role of accelerating the hy- 
drogenation of the resulting fragments to 
stable molecules. At 450 = C in the pres- 
ence of a good hydrogenating catalyst, the 
products are mainly benzene and cyclo- 
hexane; with a poor catalyst considerable 
pitch may be formed. 

The naphthols, 74 which may be regarded 
as representative of a large group of higher- 
boiling phenols, occupy a position, with 
regard to stability, intermediate between 
that of phenol and the polvhydric phenols. 
Thus, at 450° C in the absence of a cata- 
lyst, condensation occurs, not to pitch and 
carbon but to dinaphthyl ethers and di- 
naphthalene oxide. In the presence of a 
molybdenum catalyst, the elimination of 
oxygen is practically complete at 400° C. 
The rate of hydrogenation is sufficient to 
prevent condensation, and the product 
consists mainly of naphthalene and tetralin. 

Diphenylene oxide 75 is fairly stable at 
500° C in the absence of a catalyst, and, 
even in the presence of supported molyb- 
denum catalyst 76 at 450 3 C, 40 to 60 per- 
cent remains unchanged after 2 hours of 
heating. In the presence of a more active 
hydrogenating catalyst, such as pelleted 
molybdenum disulfide, only 14 percent re- 

74 Hail, C. C., Fuel , 12, 419-27 (1933). 

75 Ogawa, T., Bull. Chem. Soc . Japan , 6, 174- 
95 (1931). 

76 Hall, C. C., and Cawley, C. M., J. Soc. Chem.. 
Ind., 58, 7— 1ST (1939). 
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mains after 2 hours at 450° C and 35 per- 
cent after 2 hours at 350° C. At low tem- 
peratures o-cyelohexylphenol and 2-phenyl- 
cyclohexanol are first formed and then 
de oxygenated to phenylcyclohexane. At 
higher temperatures, diphenyl is formed. 

The benzeneearboxylie acids 77 are less 
stable than the phenols and are largely un- 
affected by the use of a supported molyb- 
denum catalyst, the decarboxylation ap- 
pearing to be a straight thermal decompo- 
sition. 

These studies of the destructive hydro- 
genation of known compounds and the ki- 
netics of the destructive hydrogenation of 
coal make it possible to associate certain 
types of chemical structures or groups of 
atoms with certain phases of the reaction 
of hydrogen with coal and the products 
thereof. Such inferences as can be drawn 
are summarized here as an aid in develop- 
ing a picture of the nature of the chemical 
linkage of carbon, hydrogen, and oxygen 
in coal. 

The primary liquefaction occurring below 
370' 8 C is in all probability a combination 
of solution and depolymerization of high- 
molecular-weight substances formed during 
coalifieation by condensation reactions or 
by polymerization of unsaturated struc- 
tures resulting through loss of water in the 
eoalification process. 

Above 370° C the temperature coefficient 
of liquefaction shows such a high energy 
requirement for the reaction that the break- 
ing of strong primary bonds, either carbon- 
to-carbon or carbon-to-oxygen or both, is 
indicated. In a substance which is almost 
entirely cyclic, breaking of carbon bonds 
resulting in marked reduction in molecular 
size would most likely be similar to the 
cleavage of diphenyl to form benzene. 

The nature of the structures involved in 
the apparently strictly thermal deeompo- 

tt Cawley, C. M., Fueh 12 , 366-70 (1933). 


sition of the coal substance occurring just 
above 370° C, and resulting in the elimina- 
tion of roughly 60 percent of the oxygen 
of the coal chiefly as carbon dioxide and 
water but partly as low-molecular-weight 
phenols, is not evident. The reaction is 
concomitant with and has the same tem- 
perature coefficient as the liquefaction re- 
action occurring in the same temperature 
range. The decomposition of carboxylic 
acids is strongly indicated as accounting 
for the carbon dioxide and a small portion 
of the water. The formation of low-molec- 
ular-weight phenols and the concomitance 
of the liquefaction and oxygen-removal re- 
actions suggest the breaking of linear ether 
linkages. The cleavage of ring oxygen si- 
multaneously with or followed by cleavage 
of carbon-to-carbon bonds is another pos- 
sibility to account for low-molecular-weight 
phenols. The concomitance of liquefaction 
and oxygen-removal reactions may be a 
coincidence, and the elimination of water 
may be partly a continuation of the coali- 
fication process, that is, condensation to 
larger molecules or formation of unsatu- 
rated linkages. That liquefaction occurs in 
spite of this continuation of the coalifica- 
tion process means simply that the rate of 
cleavage of molecules overshadows the rate 
of condensation on the one hand and that 
the presence of hydrogen prevents poly- 
merization of the unsaturates on the other 
hand. 

The reaction eliminating the last 40 per- 
cent of the oxygen in coal is slower. This 
reaction is partly the deoxygenation of 
nonvolatile phenols formed simultaneously 
with the volatile phenols during the early 
stages of the oxygen-removal process. It 
is quite probable that ■ additional phenols 
of both high and low molecular weights 
are formed during this later stage of oxy- 
gen removal. 

The negative temperature coefficient of 
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liquefaction at temperatures above 440° C 
is undoubtedly associated with polymeriza- 
tion reactions which lead, however, to other 
products than the original eoalifieation 
process. In general, three sources of ma- 
terial susceptible of polymerization may 
be recognized: (1) products of the initial 
depolymerization of the coal substance, 
(2) unsaturated compounds formed by the 
elimination of water, and (3) the radicals 
formed by the high-temperature cracking 
reaction. Definite evidence of sources 1 
and 2 is seen in the presence of material 
polymerized by the action of sulfuric acid 
in the products resulting from the hydro- 
genation of coal at temperatures as low as 
350° C. 

The evolution of gaseous hydrocarbons, 
particularly ethane, seems definitely asso- 
ciated with the hydrogenation cracking of 
cyclic hydrocarbons. 

With the above inferences in mind, the 
carbon, hydrogen, and oxygen linkages in 
coal may be pictured as follows: 

Plant life remains, composed of more or 
less highly oxygenated carbon compounds, 
have undergone a condensation process 
called “eoalifieation ” This condensation, in- 
volving the elimination of water and carbon 
dioxide, resulted in an essentially condensed 
polynuclear (five- and sLx-membered rings) 
carbon skeleton of high molecular weight. 
Various degrees of completion of this re- 
action have resulted in various sized units 
and in the retention of various amounts of 
oxygen, the smaller units containing the 
greater portion of the oxygen retained. The 
retention of highly reactive oxygen is facili- 
tated by the immobilization of these groups 
in the highly viscous eoalifieation product. 

As the result of the various types of oxy- 


gen in the original plant remains and the 
various degrees of eoalifieation attained, the 
oxygen remaining in the coal is present in 
several forms. The last stage of condensa- 
tion in which oxygen is retained finds the 
oxygen in the form of cyclic ethers (hetero- 
cyclic carbon-oxygen rings) ; that is, the 
condensed polynuclear skeleton has some 
rings in which carbon and oxygen atoms are 
present. Linear ethers may also result; i.e., 
two cyclic units may be held together by an 
oxygen atom only. As mentioned before, 
reactive oxygen such as hydroxyl, carbonyl, 
and carboxyl may be retained particularly 
in lower-rank coals. To complete the pic- 
ture of the oxygen in coal it should be 
pointed out that oxidation during weather- 
ing subsequent to eoalifieation may account 
for some of the reactive oxygen. 

The unusual characteristics of some types 
of coal, such as cannel coal, are most prob- 
ably the result of peculiar eoalifieation con- 
ditions. Plant remains contain a certain 
percentage of polynuclear carbon units which 
are lower in oxygen than the other constitu- 
ents. Complete oxidation of the more 
highly oxygenated constituents prior to ex- 
tensive eoalifieation should result in a coal 
of different type, one in which a lower con- 
tent of oxygen may be associated with a 
lower average molecular weight, a relation- 
ship contrary to that experienced with most 
coals. 

Owing to the high hydro gen-to- carbon ra- 
tio in the original plant remains, the hydro- 
gen content of coal, even after far-reaching 
eoalifieation, is considerably in excess of the 
requirements of a completely aromatic struc- 
ture. Although some strictly paraffinic con- 
stituents exist in coal, much of the polynu- 
clear ring structure must be saturated, i.e., 
hydroaromatic, or partially saturated, giving 
rise to olefinic double bonds. The paraffinic 
substances were probably constituents of the 
original plant remains which, because of their 
chemical inertness, persist as such in the 
eoalifieation product. 
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It appears probable that condensation 
reactions involving the elimination of water 
constitute an important part of the coali- 
neation process, and these reactions must 
be responsible in a considerable degree for 
the increasing molecular complexity ob- 
served as we pass from lower-rank carbo- 
naceous materials, such as peat, to bitumi- 
nous coal. One would therefore expect that 
wherever reversal of these condensations 
by hydrolytic reaction was possible there 
would result considerable degradation of 
the coal structure into simpler units. This 
point of view appears to be partly con- 
firmed by the behavior of the lower-rank 
bituminous coals, but, with those of higher 
rank, reaction with such reagents as aque- 
ous alkali at elevated temperatures seems 
to involve in addition to hydrolysis a 
"water-gas” reaction in which part of the 
carbonaceous material is oxidized to carbon 
dioxide and hydrogen is liberated . 1 - 2 Thus, 
with the higher-rank materials, oxidation 
and hydrogenation reactions may occur 
concomitantly with those of hydrolysis. 
Hydrolytic attack on synthetic linear 
polymers, such as the polyesters, polyan- 
hydrides, and polyamides, and on cellulose 
and the proteins results in high yields of 

1 Fischer, F.. and Schrader, H. } Ges. Xbhandl. 
Eenntnis Kohle, 5, 360-5 (1920). 

2 Kasehagen, L., Ind. Eng. Chem., 29, 600-4 
(1937). 


the simple building units. Hence, the 
failure of a high-molecular-weight body to 
be degraded into simpler units by hydrol- 
ysis is in itself a clue to structure, since it 
indicates the absence of readily hydrolyz- 
able linkages such as ester, anhydride, and 
so forth, in other than peripheral positions. 
It is interesting to note in this connection 
that the action of aqueous alkali at ele- 
vated temperatures on a tridimensional 
synthetic substance, such as Bakelite, ex- 
hibits certain analogies to its action on the 
higher-rank coals, since reactions other 
than simple hydrolysis appear to be in- 
volved . 3 

With many organic structures hydrolysis 
in either acid or alkaline medium is effec- 
tive. For coal, however, there are no data 
which indicate any hydrolytic breakdown 
in other than alkaline medium. Dilute 
hydrochloric or sulfuric acid appears to be 
without effect, at least up to temperatures 
which can be reached without pressure 
equipment. Nitric acid, even at concen- 
trations as low as IN, reacts fairly rap- 
idly with bituminous coals of the rank of 
the Pittsburgh Seam coal, but the evidence 
indicates that the reaction is predominantly 
an oxidation . 4 

3 Allen, I., Meharg, V. E., and Schmidt, J. H., 
Ind. Eng . Chem., 26, 663-9 (1934). 

4 Smith, R. C. f and Howard, H. C., J. Am. 
Chem. Soc., 57, 512-6 (1935). 
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The action of alkali, of concentrations 
from 1 N to 100 percent, on a variety of 
coals and related materials, has been 
studied by a number of investigators. In 
the earlier work, where the reactions were 
carried out in open vessels, undoubtedly 
some atmospheric oxidation accompanied 
the other reactions. 

Characteristic products from the action 
of fused alkali, probably 90 percent com 
centration, on peat, lignites, and humic 


acids are : catechol, 


OH 

/\0H 


, pyrocate- 


chuic acid, 


COOH 

/\0H 


V 


, oxalic acid, and the 




! OH 


lower fatty acids. The isolation of 3,4-di- 
COOH 

/X 


hydroxybenzoic acid, 


, has also 


OH 


! OH 


been reported from the alkali fusion of 
natural humic acids. 5 

Early investigations dealing with the 
action of alkali on higher-rank carbonace- 
ous materials were carried out in connec- 
tion with a controversy over the reaction 
mechanism of the Jacques fuel cell. Haber 
and Bruner 6 showed that wood charcoal, 
coke, graphite, and “pure carbon” reacted 
with sodium hydroxide at 350° C according 
to the following equation: 

C -j- 2NaOH Hr H 2 O Na^CC^ T- 2 H 2 

5 Strache, H., and Lant, R., KoMenchemie , 
Akademische VerlagsgeseUschaft, Leipzig, 1924, 
pp. 286-7. 

6 Haber, F., and Bruner, L., Z. Mektrochem ., 
10, 697-713 (1904). 


Wood charcoal and graphitic arc light car- 
bons were found to dissolve in a boiling 
solution of sodium hydroxide with the for- 
mation of carbonate and the evolution of 
hydrogen. LeBlanc 7 showed that carbon 
prepared by the action of sodium on car- 
bon dioxide furnished hydrogen at 650° C 
when fused with potassium hydroxide. Re- 
action with diamond required 8 a much 
higher temperature, 1,200® C. 

In more detailed investigations, Donath 
and Braunlich 9 studied the action of fused 
alkali on brown and bituminous coals. The 
experiments were carried out in an open 
silver dish, and there was undoubtedly a 
considerable amount of atmospheric oxida- 
tion. Under these conditions it was found, 
as would be expected, that the lower-rank 
materials were rapidly converted to brown, 
alkali-soluble products. The bituminous 
coals were found to be attacked much more 
slowly but could be dissolved completely 
by repeated action at 400° C. 

Fischer and coworkers carried on a series 
of investigations dealing with the action of 
alkali on various coals and derived prod- 
ucts. As all the work was in closed sys- 
tems, atmospheric oxidation could not have 
been an important factor. The action of 
5 N sodium hydroxide at 250° C on a 
“Lohbergkohle” was found 10 to yield about 
2.5 percent of the weight of the coal as 
alkali-soluble products. The whole mass 
of the coal was greatly altered; it was 
found to have developed plastic properties 
and caked together to form coke. Later 
work 11 on the same coal at higher tem- 

7 LeBlanc, XL, and Weyl, O., Ber 45, 2300- 
15 (1912). 

s Moissan, H., Compt. rend., 116, 460-3 
(1893). 

9 Donath, E., and BrSnnlich, F., Chem.-Ztg., 
36, 373-6 (1912). 

xo Fischer, F., and Gluttd, W., Ges. Alhandl, 
Kenntnis Kohle, 3, 243-5 (1918). 

ii Fischer, F., and Schrader, H., €bid 5, 353 
(1920). 
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peratures, 300° C, with 4.1 N potassium 
hydroxide, showed that 21 percent of this 
coal could be converted to alkali-soluble 
products, of which 75 percent precipitated 
on acidification, indicating phenolic or 
acidic products. Volatile acids to the ex- 
tent of 47 milliequivalents per 100 grams 
of coal were found, and a small part of 
these was characterized as formic acid. 

More detailed investigations were made 
by Fischer and Schrader 1 > 12 on brown coal 
and on ‘'‘'Union 7 ’ briquets. Three types of 
reaction were definitely recognized as tak- 
ing place: hydrolysis; oxidation by the 
water with carbon dioxide formation and 
hydrogen evolution; and hydrogenation. 
With 10 X potassium hydroxide at tempera- 
tures from 276 to 284° C, about 75 percent 
of the briquet material was made alkali 
soluble. Of the part insoluble in alkali, 
about a half was soluble in alcohol. Ap- 
proximately 25 percent, based on the 
weight of the briquets of the alkali-soluble 
material, was found to consist of ether, 
alcohol, or water-soluble products. Cate- 
chol and catechuic acid were definitely 
identified among them. 

In an investigation of the action of 
aqueous alkali on lignin 12 it was found 
that, in 2.S percent sodium hydroxide at 
200° C, the methoxyi groups were stable ; 
at 300°, hydrolysis was nearly complete, 
indicating that, with these simple ether 
linkages, alkali treatment at elevated tem- 
peratures is a very effective splitting agent. 

More recent work where nonaqueous 
solutions of alkali have been employed has 
indicated the very interesting possibilities 
in this little-investigated field. Withrow 
and Pew 13 extracted a sample of Pitts- 
burgh Seam coal with a 1 X solution of 

12 Fischer, F., and Schrader, H.. ibid., 5, 332— 
65 (1920). 

is Withrow, J. R., and Pew, J. C., Fuel , 10, 
44-7 (1931). 


potassium hydroxide in the monomethyl 
ether of ethylene glycol. The temperature 
was not stated, but presumably it w 7 as close 
to the normal boiling point of the pure 
solvent, 132 to 135° C. The tveight of the 
residue was 70.5 percent of the original 
coal. A similar extraction with 10 percent 
aqueous sodium hydroxide at its boiling 
point gave 97.5 percent residue, and with 
the pure monomethyl ether of ethylene 
glycol a residue of 90.0 percent was ob- 
tained. The superiority of the combination 
of the alkali and the organic solvent is 
obvious. In view of the well-known effec- 
tiveness of combinations of organic solvents 
and alkali in hydrofytic reactions, it ap- 
pears that this field is well worth further 
investigation. 14 

Kasehagen 2 has studied the action of 
sodium hydroxide on a Pittsburgh Seam 
coal over the temperature range 250 to 
400° C. The reaction was carried out in a 
nickel-lined autoclave, and the alkali con- 
centrations ranged from IN to 100 per- 
cent. The alkaline solution recovered was 
first extracted with benzene to remove 
neutral oils. It was then acidified, and the 
precipitated phenols and acids were sepa- 
rated by filtration, the amount of carbon- 
ate formed being determined in an aliquot 
before this acidification step. Further 
amounts of acidic materials were recovered 
by solvent extraction of the filtrate, from 
the phenol and acid separation, and from 
the solid residue obtained on its evapora- 
tion. The amount of material recovered 
by these last-named procedures was found 
to be small and it was not characterized 
other than to establish its acidic reaction. 

The data are summarized in Table I and 
in Figs. 1 and 2. The maximum yield of 
alkali-soluble products was obtained with 

14 E.g., alcoholic alkali. Also see work in di- 
phenyl ether by Huntress, E. H., and Seikel, M. 
K., J. Am. Chem. Soc 61, 816-22 (1939). 
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IN 5 N 10 N 15 N 60% 

Alkali Concentration 


80% 100% 


Fig. 1. Distribution of carbon in products from runs at 250° C. 2 (1) Phenols and acids; (2) neu- 

tral oil; (3) hydrocarbon gases; (4) carbon dioxide. 



Fig. 2. Distribution of carbon in products from runs with 5 N sodium hydroxide. 2 (1) Phenols 
and acids; (2) neutral oil; (3) hydrocarbon gases; (4) carbon dioxide. 
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TABLE I 

Action of Alkali on Pittsburgh Seam Coal 2 


Experi- 


Alkali 


meat 

Tem- 

Concern 


No. 

perature 

tration 

Pressure 
pounds per 


°C 


square inch 

1 

250 

5X 

450 

2 

275 

oX 

800 

3 

300 

5 A 

1,300 

4 

325 

5 A 

1,750 

5 

325 

60 % 

600 

6 

350 

IX 

2.500 

7 

350 

5.V 

2,550 

S 

350 

KLY 

2,400 

9 

350 

15 A 

1,900 

10 

350 

60 

700 

11 

350 

SO c i 

250 

12 

350 

100 c c 


13 

375 

5 A 

3,600 

14 

400 

oX 

4,300 

15 

400 

60 <r c 

1,350 


nit her dilute alkali, 1 X and 5 Ab at tem- 
peratures of 350 and 325 s C. The rapid 
decrease in alkali-soluble material above 
this temperature range, coincident with in- 
crease in the amount of neutral oils, sug- 
gests that these resulted at least in part 
from reaction of the alkali with the phenols 
and acids. The relatively small yield of 
alkali-soluble degradation products and the 
large fraction of insoluble residue indicate 
the absence, in this coal, of any consider- 
able amount of linkages hydrolyzed under 
these conditions. 

The alkali-soluble material was shown to 
be predominantly phenolic, 95 percent, by 
■'* springing” from the alkaline solution with 
carbon dioxide and by methylation with 
dimethyl sulfate in the presence of alkali. 
A typical sample was of the following com- 
position: C 30.04, H 5.30, N 1.53, S 1.16, 
and 0 (by difference) 11.97 percent. The 
molecular weight determined eryoseopi- 


Distribution of Carbon in Products 



Phenols 


Hydro- 



and 

Neutral 

Carbon 

Carboi 

Residue 

Acids 

Oil 

Gases 

Dioxid< 

percent 

percent 

percent 

percent 

percent 

96.5 

0.5 



0.8 

91.9 

4.S 



1.0 

86.0 

9.4 


0.2 

1.8 

78. S 

12.5 


0.4 

3.1 

89.5 

0.9 


0.8 

3.5 

81.2 

11.0 


1.0 

2.9 

77.4 

6.9 

1.5 

2.2 

5.2 

SO. 9 

1.3 

3.1 

2.2 

5.7 

S3.0 

0.8 

2.4 

2.3 

5.5 

87.5 

1.2 


0.7 

5.2 

94.4 

0.8 

0.1 

0.8 

3.7 

92.7 

0.7 

. . . 


1.1 

74.0 

0.5 

10.1 

6.4 

7.2 

72.3 

0.2 

4.7 

9.6 

9.8 

Sl.l 

0.7 

0.9 

4.1 

7.1 


cally in catechol was 219. The combining 
weight calculated from the methoxyl con- 
tent was 226. The oxygen content shown 
by the ultimate analysis indicates the pres- 
ence of roughly one oxygen atom per mole- 
cule in other than a functional group. This 
observation is of interest in connection 
with the postulation 15 > 16 of the presence 
of two different types of oxygen in bitumi- 
nous coal. 

Although the amount of alkali-soluble 
degradation products formed by the reac- 
tion in alkali did not constitute an impor- 
tant part of the coal in the work of Kase- 
hagen, there was evidence that some deep- 
seated change, not manifesting itself in 
alkali solubility, had taken place, for by 

is Fisher, C. H., and Eisner, A., Jnd. Eng. 
Chem.,2 9, 1371-6 (1937). 

is Erasmus, Paul, tf'ber die Bildnng und den 
chemiachen Ban der KoMen , Enke, Stuttgart, 
1938, p. 10. Also see Fuchs, W., Die Chemie der 
Kohle, Julius Springer, Berlin, 1931, pp. 325-6. 
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exhaustive extraction of the residue with 
benzene, in a Soxhlet, a benzene-soluble 
material containing 26.8, 21.5, 27.3, and 
23.1 percent of the carbon in the coal was 
obtained in runs 5, 9, 10, and 11, respec- 
tively. Similar benzene extractions of the 
original coal gave 6 to S percent. Whether 
the benzene-soluble material was a hydro- 
genation product, formed by active hydro- 
gen furnished by a water-gas reaction, or a 
hydrolytic breakdown product of a molecu- 
lar weight such that it was insoluble in 
alkali in spite of the presence of some 
hydroxyl groups, cannot be decided from 
the data available. 

The development of plasticity, which was 
noted by the earlier workers 10 as well as 
by Kasehagen, so far below the normal 
plastic range of this coal, was due, it ap- 
pears probable, to incipient hydrogenation 
reactions on the surface of the particles. 

Later experiments 17 carried out with a 
similar technique on an Illinois No. 6 Seam 
bituminous coal showed over 30 percent of 
the carbon of this coal to be convertible to 
phenolic and acidic products, compared 
with about 12 percent for the Pittsburgh 
Seam coal. The much greater amenability 
of the lower-rank coal to alkaline hydroly- 
tic decomposition is evident, and further 
investigation of the nature of the products 
produced would be of great interest. 

In 1938 there appeared a posthumous 
monograph 16 describing the work of Eras- 
mus in Bergius’s laboratory and containing 
an important section dealing with the hy- 
drolysis of bituminous coal. The point of 
view developed was that coal consists of a 
tridimensional type of polymer of rela- 
tively small aromatic and hydroaromatic 
units, of ten . carbon atoms each, linked 
through linear and cyclic ether oxygen 
bonds, and that the principal mass of the 

17 Unpublished data, Coal Research Laboratory. 


coal is essentially unitary. Resins, waxes, 
coloring materials, cuticles, and so forth, 
were specifically excluded from the discus- 
sion, and the findings were stated to apply 
chiefly to the bright coals as opposed to 
the durains. Hydrolytic reactions, carried 
out in aqueous alkali at elevated tempera- 
tures, were described, and the effectiveness 
of alcoholic solutions of alkali at moderate 
temperatures, especially those containing 
small amounts of alkali alcoholates, was 
pointed out. A typical coal structure was 
pictured as follows: 

-O-£c ! 0 H s j ^^C 10 H s ']-0-|"c 1 oH s '| |’c 10 H g "j-O- 

From such a molecular structure, if com- 
plete hydrolysis of both linear and cyclic 
ether bonds took place, one would expect 
units containing twenty carbon atoms with 
three or four hydroxyl groups attached to 
each, depending on which side of the linear 
ether bond hydrolysis took place. It was 
stated that fragments of this type were 
found. ls It was admitted, however, that 
whereas the first step in the hydrolysis, 
which was assumed to be the opening of 
the cyclic ether structures and which did 
not effect significant changes in molecular 
weight, occurred readily, the second step, 
the breaking of linear ether bonds, which 
was necessarily accompanied by marked 
changes in molecular weight, took place 
with great difficulty, conversions being 
usually 30 to 40 percent and only rarely 
60 to SO percent. The difficulty of the 
hydrolysis of the linear linkages compared, 
for example, with that of cellulose was 
ascribed to the hindering effects accom- 
panying a network type of high-moleeular- 

is They were described as CioH s units with two 
or three hydroxyl groups. It is not obvious how 
the carbon -to-carbon linkage was broken. 
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weight body as compared with a linear included in this monograph, and none have 

structure like cellulose. Crystalline mate- been published, but the point of view de- 
rial was obtained by the b rami nation of the veloped is of such interest as to suggest 

water-soluble hydrolytic products, but no the importance of further investigations in 

compounds were isolated. No data were the field of hydrolytic reactions on coal. 
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FORMS OF SULFUR IN COAL 


Gilbert Thiessen 
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Sulfur is an undesirable but economically 
important constituent of all coals. It is 
present in amounts ranging from traces to 
as high as 10 or more percent, commercial 
coals, however, rarely containing more than 
5 percent. The great bulk of the commer- 
cial coals of the Eastern United States 
contains from 0.5 to 1.5 percent of sulfur. 
Charts have been prepared 1 which indi- 
cate the properties of coal which are of 
importance for the various applications to 
which coals may be put, including the fac- 
tors of total sulfur and the forms of sulfur. 
Kreisinger 2 also has discussed the signifi- 
cance of sulfur in coal from the viewpoint 
of the consumer who uses coal as fuel 
According to the Consumers’ Counsel of 
the National Bituminous Coal Commission, 3 
“Sulfur is found in all coals, but ordinarily 
is of little importance to the domestic con- 
sumer except where it is found in amounts 
so great as to constitute a health hazard in 
improperly constructed furnaces. Moisture 
and sulfur contents are an indication of 
liability of the coal to spontaneous com- 
bustion during storage. These factors 
should be considered by the consumer who 

1 Natl. Com. on Coal 3 Natl. Assoc . Purchasing 
Agents , Rept. 21, 2nd ed., 1936, 21 pp. 

2 Kreisinger, H., Proc. Am. Soc. Testing Ma- 
terials , 37, XI, 369-72 (1937). 

3 Consumers’ Counsel of the Natl. Bituminous 
Coal Commission, Consumer Ideas 3, Supt. of 
Documents, Washington, D. C., 1938. 


intends to buy his winter supply in the 
summer.” 

The extent of the sulfur dioxide pollu- 
tion of the air over the city of Chicago and 
vicinity, which resulted largely from the 
combustion of bituminous coal, has been 
reported by Singh," who stated that the 
obvious remedy would be the reduction of 
sulfur in the coal at the mine by coal- 
preparation processes. The subject of sul- 
fur in coal as a nuisance has often been 
discussed in the literature. 5 

Occurrence of Sulfur in Coal 

Sulfur does not occur as such in coal but 
is present in organic combination as part 
of the coal substance and in inorganic com- 
bination as pyrite or marcasiie and, espe- 
cially in weathered coals, as calcium sul- 
fate. These forms of sulfur are commonly 
referred to as organic, pyriiic, and sulfate 
sulfur. In coke, sulfur occurs in organic 
combination and as sulfides. 

Organic sulfur is distributed throughout 
the coal substance and cannot he removed 
by mechanical cleaning or preparation 

4 Singh, A. D., Univ. Illinois Eng . Expt. Sta. } 
Circ. 36 (1939), 32 pp. 

5 Himus, G. W., and Egerton, A. C., Proc. Srd 
Annual Conf. Combustion Appliance Makers 
Assoc., 1939, S7-97. Armstrong, Y., and Himus, 
G. W., Chemistry & Industry , 1939, 543-S. Bur- 
dick, L. R. f and Barkley, J. F., U. S. Bur . Mines, 
Information Circ. 7066 (1939), 14 pp. 
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processes. Cady 6 lias stated that “There 
has been no determination of the nature 
of the distribution of the organically com- 
bined sulfur among the plant constituents 
of Illinois coal, although it is probable that 
certain constituents will contain more sul- 
fur than others. This is a matter suitable 
for investigation, but in the meantime the 
organic sulfur must be regarded as homo- 
geneously combined with the coal material.” 

Organic sulfur does not intrude its pres- 
ence on the observer as does pyrite, yet 
even the early investigators recognized that 
some of the sulfur in coal must be present 
in some other form than as inorganic com- 
pounds and surmised that it was present 
in the organic matter making up the coal. 7 

Though no definite rule can be estab- 
lished, in general the sulfur content of low- 
sulfur coals is usually largely organic. The 
organic sulfur content of coals of increasing 
total sulfur content tends to increase, but 
the pyritic sulfur tends to increase at a 
greater rate and to make up a greater pro- 
portion of the total sulfur. Yancey and 
Fraser 5 found no relationship between the 
organic and pyritic sulfur contents of the 
coals they studied. One remarkable bitu- 
minous coal having the very high sulfur 
content of almost 10 percent — the Arsa coal 
of Istria — has been reported to contain 
about 1 percent of pyritic sulfur, almost S 
percent organic sulfur, and practically no 
sulfate sulfur. 3 

The nature of organic sulfur compounds 

6 Cady, G. H.. Illinois State Geo I. Survey, 
Bull. 62, 37 (1935). 

7 Wormley, T. G., Ohio Geol. Survey , Fept. 
Progress , 1SG9, 110-2, 1ST0, 142. Wallace, W., 
Chem. Neiis, 41, 201 (1SS0). Muck, F„ Stahl u. 
Eisen, 6, 46S-73 (1886). 

s Yancey. H. F., and Fraser , T.. Unit. Illinois , 
Eng . Expt. Sta., Bull. 125 (1921), 94 pp. 

s Donate, E., and Indra, A., Chem.-Ztg., 36, 
1118—20 (1912). Fischer, F., Ges. Abhandl. 
Kenntnis Kohle, 3, 98-101 (191S). 


in coal is unknown. Strache and Lant 10 
stated that even less is known about them 
than about the nitrogen compounds in coal. 
Further, according to Stopes and Wheel- 
er, 11 “We do not know whether the sulfur- 
containing organic compounds are simple 
or complex in structure, or whether, as is 
possible, the majority or all of the com- 
plex molecules that form the coal con- 
glomerate possess each a sulfur atom in 
some grouping in their structure.” They 
stated also that the latter hypothesis is 
supported by the fact that all extracts 
from coal except possibly resins contained 
sulfur, and that all nitroulmins from coal 
contained sulfur. Wheeler 12 found that all 
natural ulmins, whether from peat or coal, 
contained nitrogen and sulfur. Because 
the pyridine and chloroform extracts and 
the extraction residue all had the same 
sulfur content as the original coal, Wheel- 
er 13 concluded that the organic sulfur com- 
pounds were part of the fundamental con- 
stitution of coal and were uniformly dis- 
tributed. 

Postovskii and Harlampovich 14 synthet- 
ically sulfureted coal by treatment with 
sulfur and found the coal to be then less 
reactive to sulfur monochloride, indicating 
a vulcanization. From the behavior of 
these synthetically sulfureted coals, they 
attempted to draw conclusions as to the 
sulfur contents of coal. The presence of 
thioether linkages in coals was detected by 
the methyl iodide reaction, and such link- 
ages were estimated by them to account 

io Straehe, H., and Lant, R., Kohlenchemie , 
Akademische Verlagsgesellschaft, Leipzig, 1924, 
p. 249. 

ia Stopes, M. C., and Wheeler, R. V., Fuel, 3, 
131-2 (1924). 

12 Wheeler, R. V., Chemistry <& Industry , 1926, 
335-44. 

13 Wheeler, R. V., Colliery Guardian, 121, 
1596-7 (1921). 

14 Postovskii. I. Y., and Harlampovich, A. B., 
Fuel, 15, 229-32 (1936). 
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for 18.3, 20.4, and 32.1 percent of the total 
sulfur content of three coals they investi- 
gated. 

Powell and Parr 15 distinguished between 
phenol-soluble or resinic sulfur and phenol- 
insoluble or humic sulfur on the basis of 
the organic sulfur content of the phenol- 
soluble and -insoluble portions of coal. 
Wheeler 13 attached no significance to this 
distinction. Petrascheck 16 pointed out 
that beds with marine cover have higher 
sulfur contents and, further, that often it 
is found that higher organic sulfur content 
accompanies better coking properties in a 
series of coals. 

Pyritic sulfur is extremely variable in 
its occurrence in coals, both in amount 
and form. "It may occur as horizontal 
layers in the coal bed; as fillings in the 
vertical cleat cracks or joints; as nodu- 
lar masses parallel with or at an angle to 
the bedding; as fillings in the desiccation 
cracks, the fusain and resin rodlet cavities 
more commonly occupied by calcite and 
kaolinite; as minute aggregates scattered 
irregularly through the various lithologic 
ingredients of the coal, especially within 
vitrain bands; and as intimate mixtures 
with and impregnations of certain parts of 
the coal such as the fusain walls/ 517 R. 
Thiessen 18 found that all coals examined 
by him contained very small globules or 
particles of pyrite varying in diameter 
from a few microns to a hundred microns. 
Pyrite is found in coal in particles from 
microscopic sizes on up to large masses or 

15 Parr, S. W., and Hadley, H. F., TJniv. Illi- 
nois , , Eng. Expt. Sta . Bull. 76 (1914), 41 pp. 
Powell, A. R., and Parr, S. W., Ibid., Ill (1919), 
66 pp. 

16 Petrascheck, W., Entstehung, Veredlung und 
Verwertung der Kohls, Gebruder Borntraeger, 
Berlin, 1930, pp. 20-1. 

17 Ball, C. G., Illinois State Geol. Survey, Rept. 
Investigations, 33, 29 (1935). 

is Thiessen, R., Trans. Am. Inst. Mining Met. 
Engrs., 63, 913-26 (1920). 


boulders several feet or more in diameter 
and in definite widely extending bands in 
the bed up to almost a foot in thickness. 
The finely disseminated pyrite may form 
thin filmlike coatings on the joint planes, 
giving the natural cleavage face of a lump 
of coal the appearance of having been 
gilded. In this form, a fraction of a per- 
cent of sulfur may make the coal appear 
very dirty and contaminated. Fusain is 
frequently thickly impregnated with pyrite. 

Coarser pyrite occurs in lens-shaped 
masses ranging in size from very small 
particles up to lenses 3 or 4 feet thick and 
several hundred feet in diameter and may 
frequently be found in some beds up to 3 
inches in thickness and about 1 foot in 
diameter. The larger masses are usually 
found towards the top or the bottom of the 
bed. Coal balls, or niggerheads, are fre- 
quently very rich in pyrite and may some- 
times be almost pure, crystalline pyrite. 
The larger balls are usually found in the 
roof of the bed. 

Larger and more massive occurrences of 
pyrite are frequently contaminated with 
shale, clay, and carbonaceous material and 
may contain well-preserved plant fossils. 
Preserved pyritized vegetable fossils are 
not uncommon, although they do not con- 
stitute any considerable part of pyrite. 5 
Macpherson, Simpkin, and Wild 19 have 
classified pyrites as crystalline, massive, 
nodular, stringy, granular, and globular and 
have presented excellent reproductions of 
photographs of these types of pyrite. 
They also reported analyses of specimens 
of several varieties of coal pyrite. The 
manner of occurrence and the possible ori- 
gin of pyrite in Illinois coals have also been 
discussed and illustrated by Holbrook. 20 

19 Macpherson, H., Simpkin, S. N., and Wild, 
S. V., Safety in Mines Research Board (London), 
Paper 26, 24 pp. 

20 Holbrook, E. A., Univ. Illinois, Eng. Expt 
Sta., Circ. 5 (1917), 46 pp. 
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Sulfate sulfur is generally interpreted to 
mean sulfur existing as calcium sulfate, al- 
though in badly weathered exposures it 
may also occur as ferrous sulfate. Un- 
weathered coals contain only traces of sul- 
fate sulfur, and its presence is an almost 
certain indication that the coal has been 
weathered. 

Origin of Forms of Sulfur in Coal 

The organic sulfur of coal has its most 
probable origin in the sulfur in the coal- 
forming plants . 13 Slopes and Wheeler 11 
stated that the findings of Yancey and 
Fraser s that there was no relationship be- 
tween the amounts of pyritie and organic 
sulfur found in coals support the belief 
that much of the sulfur in coal is derived 
from the original sulfur-containing com- 
pounds in the plants from which the coal 
was formed. Sulfur is one of the essential 
elements of present-day plants and pre- 
sumably also of all coal-forming plants. 
Dieulafait 21 investigated modern members 
of the Equisetaceae family, a family of im- 
portant coal-forming plants, and found 
greater amounts of sulfur and lower 
amounts of carbonates in their ashes than 
in the ashes of other plants; he concluded 
that, as these plants contained more sulfur 
than other plants, their palaeozoic ances- 
tors did also, an idea which has persisted. 

Sulfur occurs in plants as a constituent 
of proteins and of certain waste and pro- 
tective substances, especially in seeds, as, 
for example, the mustard oils and their glu- 
cosides. 13 ’ 22 * 23 During the decay of the 
plants in the bog, protein sulfur compounds 
are presumably quickly destroyed and 

21 Dieulafait, M., Compt. rend., 100, 284-6 
(18S5) ; Eng. Mining J., 41, 264 (1S86). Anon., 
Berg- u. hiittenmann. Z 45, 276 (1886). 

22 Muhlert, F., Der Kohlenschicefel, Knapp, 
Halle, 1930, p. 1. 

23 Erdmann, E., and Doleh, M., Die Chemie der 
Braunkohle, Knapp, Halle, 2nd ed., 1927, p. 39. 


much sulfur is released as hydrogen sulfide. 
Part of this escapes to the atmosphere and 
part dissolves in the bog water, where it 
may combine with dissolved iron com- 
pounds or be washed away or absorbed by 
the organic coal-forming materials. 

Because of the small percentage of the 
annual vegetation which finally enters into 
coal formation, the organic sulfur found in 
the coal must of necessity be only a small 
percentage of the sulfur in the annual in- 
crement of vegetation. It has also been 
suggested that part of the organic sulfur in 
coal may be derived from the residues of 
animal life which lived in the decaying peat 
bog. Such residues are rare and probably 
of minor account; in any event they would 
be similar in nature to the organic sulfur 
from the plants . 24 The pyrolytic decompo- 
sition products of coal gave little clue to 
the compounds in which the sulfur exists 
in coal. 

PYRITIC SULFUR 

The origin of pyrite in coal is a matter 
of much speculation, possibly because it 
appears probable that pyrite may have 
been formed in coal in several different 
ways and at different periods in the history 
of the coal bed. Theories have been ad- 
vanced attributing pyrite to both external 
and infernal sources of sulfur. Hydrogen 
sulfide, evolved through decay of the peat 
bog, can precipitate iron sulfide by reac- 
tion with soluble iron compounds, for ex- 
ample, iron carbonates present in the per- 
colating ground waters. The ferrous sul- 
fide first precipitated is later transformed 
to pyrite . 13 

Feld 25 found that iron bisulfides formed 
when ferrous sulfide and sulfur were 
wanned together in aqueous suspension, the 

24 Potonig, H., Die Enstehung der Steinkohle, 
Gebriider Borntraeger, Berlin, 5th ed., 1910, 225 
PP. 

25 Feld, W., Z. angew . (Them., 24, 97-103 
(1911). 
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conversion taking place under acid condi- 
tions but being hindered by basic condi- 
tions. It is well known that with certain 
forms of cover — for example, limestone — 
the coal in the same seam will have a lower 
sulfur content, particularly pyritic sulfur 
content, than the coal under a shale cover. 
Pyrite is readily formed by the action of 
hydrogen sulfide on iron in the presence of 
decaying organic matter, and the formation 
of pyrite tubes around rootlets which have 
grown in loess soil may be a relatively rapid 
process. 

It has also been proposed that pyrite in 
coal has formed as a result of the reduc- 
tion 'by -the organic matter in the peat or 
coal bed of iron sulfate present in perco- 
lating waters. According to Bischoff , 26 one 
of the early investigators in this field, py- 
rite always forms when a suspension of 
sulfate salts and iron compounds comes in 
contact with decaying organic matter. Ac- 
cording to this theory, it is not necessary 
for the iron to be in the dissolved form. 
The reduction of ferrous sulfate present in 
percolating waters would explain the thin 
coatings of pyrite on coal at shrinkage 
cracks. Ogura and Matsumoto , 27 discuss- 
ing the occurrence of pyrite nodules in a 
Manchurian coal underlying rocks of ma- 
rine origin, considered the iron to have 
come from the underlying rocks and the 
sulfur from the organic matter in the coal 
bed. 

Sulfur bacteria 28 and iron bacteria 29 also 
may play an important role. The finely 

26 Bischoff, G., Elements of Chemical and 
Physical Geology, The Cavendish Society, Lon- 
don, 1854, Vol. 1, p. 163. 

27 Ogura, T., and Matsumoto, H., Mem. Ryojun 
Coll. Eng., 1934, .243-55 ; Chem. Ahs., 29, 2484 
(1935). 

28 Lafar, F., Technical Mycology, Griffin, Lon- 
don, 1910, 2 vols., 870 pp. 

29 Harder, E. C., U. 8. GeoL Survey, Profes- 
sional Paper 113 (1919), 89 pp. 


disseminated pyrite granules distributed 
throughout the mass of coal and found ex- 
tensively in the residues of woody com- 
ponents are probably the result of the 
activities of bacterial colonies. Such colo- 
nies are present in peat, and corresponding 
structures are found in coal of all ranks . 15 

White 30 attributed the high percentage 
of sulfur in the “interior basin” coals of 
the United States to the submergence of 
the peat-forming deposits under sea water, 
the immediate occupation of the area by 
animal life, and the action of sulfur bac- 
teria. He further attributed the high sul- 
fur contents of the coal of certain basins 
to the erosion of richly sulfide-bearing 
rocks in the basin drainage, and that of 
shallowly covered coal to secondary en- 
richment by sulfate-bearing waters from 
overlying strata. 

Sulfur balls and lenses were obviously 
formed in the early stages of coal formation 
since the surrounding coal subsequently be- 
came compacted to a smaller thickness 
than the pyrite mass. 

The pyrite filling joint cracks and other 
vertical and horizontal partings is prob- 
ably of secondary origin and formed largely 
since the consolidation of the bed to ap- 
proximately its present thickness. The 
lateness of its origin is indicated particu- 
larly by the lack of evidence of differential 
shrinkage between the coal and the pyrite 
which would be inevitable if it had formed 
at an early stage . 31 Newhouse 32 consid- 
‘ ered that globular concretions of iron sul- 
fides in rocks other than coal are prob- 
ably pyrite and are of syngenetic origin 
from gels which later crystallized, while the 

30 White, D., Thiessen, R., and Davis, C. A., 
U. S. Bur. Mines, Bull . 3S, 34-58 (1913). 

31 Cady, G. H., Illinois State GeoL Survey, 
Kept. Investigations 35, 36 (1935). 

32 Newhouse, W. H., J. GeoL , 35, 73-83 
(1927). 
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iron sulfide forming bands and lenses in 
coal is probably marcasite deposited as a 
gel. The pyrite and marcasite formed later 
in the process of coalification and found 
along joints is more coarsely crystalline. 
Schwartz 33 found well-preserved plant 
structures by means of polished sections in 
rounded concretions of sulfides which were 
mainly pyrite obtained from Illinois coals. 

SULFATE SULFUR 

The presence of sulfate sulfur in a bi- 
tuminous coal is certain evidence that these 
coals have been subjected to a weathering 
process since their formation. Freshly^ 
mined bituminous coal from beds which 
have never been uncovered after their for- 
mation or subjected to the action of oxy- 
gen-bearing percolating waters are prac- 
tically free from sulfates. When sulfate 
sulfur is present it occurs as calcium sul- 
fate and, in regions of rapid weathering of 
coals rich in pyrite, as ferrous sulfate. Be- 
cause of the solubility of ferrous sulfate, 
percolating ground waters tend to remove 
it almost as fast as it is formed by the 
oxidation of pyrite. Through hydrolysis 
these waters deposit iron hydroxides and 
become highly acid. Tills condition is es- 
pecially noticeable in the drainage from 
mines, especially side-hill mines which have 
been abandoned. Leitcli found that the 
drainage from mines containing high-pyritie 
coal was much more acid than that from 
mines of low or medium sulfur content. 
Of thirty-nine mines in Pennsylvania the 
drainage waters of twelve had a total acid- 
ity of 26 to 500 parts per million; three of 
500 to 1,000; twenty-two of more than 
1,000, mostly 1,500 to 3,000; and one al- 
most 14,000 parts per million. 

S3 Schwartz, G. XL, ibid., 35, 375-7 {1927). 

34 Leitch, R. D., U. S. Bur . Mines, Rept. In- 
vestigation 3146 (1932), 15 pp. 


Determination of the Sulfur 
Contents of Coals 

Coals are analyzed to determine their 
total sulfur content and the content of sul- 
fate, pyritie, and organic sulfur. In addi- 
tion, methods have been proposed for the 
determination of so-called combustible sul- 
fur and noncombustible sulfur, which are, 
respectively, the sulfur which passes off 
with the flue gases on the combustion of 
coal and the sulfur which remains in the 
ash. Coke is analyzed to determine its 
total sulfur content, and it may also be 
analyzed to determine sulfide and organic 
sulfur contents. 

METHODS OF ANALYSIS 

Total Svljur. Methods for the analysis 
of total sulfur in coal are based upon the 
combustion of the coal and retention of the 
sulfur oxides, their complete oxidation to 
the sulfate stage, and subsequent estima- 
tion. The generally accepted methods in 
use in the United States are those promul- 
gated by the American Society for Testing 
Materials. 35 These methods include three 
procedures for the determination of total 
sulfur in coal or coke: 

1. In the Eschka method, the coal is ig- 
nited with Eschka’s mixture, a mixture of 2 
parts by weight of light calcined magne- 
sium oxide and 1 part of anhydrous sodium 
carbonate. After ignition, the residues are 
leached with hot water. The leachings are 
treated with bromine "water to complete 
the oxidation of sulfur compounds to sul- 
fate and acidified with hydrochloric acid, 
and the sulfate precipitated as barium 
sulfate, in which form it is weighed. This 
method is generally considered the most 
reliable. 

35 Am. Soc. Testing Materials, Method D271- 
37, Am. Soc. Testing Materials, Standards, 1939, 
Pt. 3, pp. 24-7. Am. Standards Assoc., Method 
K1S. 
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2. In the bomb-washing method, the 
washings, collected during the calorimetric 
determination using the oxygen bomb cal- 
orimeter and after titration to obtain the 
acid correction, are made alkaline with am- 
monia, heated to boiling, filtered, treated 
with bromine water, and finally with 
barium chloride as in the Eschka method. 

3. In the sodium peroxide fusion method, 
the coal is oxidized in a Parr coal sulfur 
bomb by means of sodium peroxide and 
potassium perchlorate or potassium chlo- 
rate. The oxidation residues are digested 
with water, acidified, and filtered, and the 
filtrate is treated with barium chloride as 
in the Eschka method. 

These methods are the same as those 
used by the U. S. Bureau of Mines. 36 The 
Eschka and sodium peroxide methods are 
also standard methods of the United States 
Steel Corporation. 37 The three methods 
have been extensively studied, and the 
bomb-washing and peroxide methods have 
been found to check closely enough to the 
Eschka method to be considered alter- 
nates. 38 

Simek, Ludmila, and Stanclova 39 com- 
pared the A.S.T.M., Eschka, Parr, and 
Stadnikoff-Titov modifications of the 
Eschka methods, found the Parr method 
the highest, and recommended the Stadni- 
koff-Titov modification over the conven- 
tional Eschka procedure. 

36 Stanton, F. M., Fieldner, A. C., and Selvig, 
W. A., U. S. Bur. Mines , Tech. Paper 8 (1939), 
59 pp. 

37 Chemists’ Committee, United States Steel 
Corporation, Sampling and Analysis o/ Coal , 
Coke, and By-products , Carnegie Steel Company, 
3rd ed., 1929, pp. 77-80. 

38 Selvig, W. A., and Fieldner, A. C., Ind. Eng. 
Chem ., 19, 729-33 (1927) ; Fuel, 7, 83-9 (1928). 
Nikolai, H. A., and Vorobyer, H., Isvest. Teplo - 
tekh. Inst., 1929, No. 3, 91-2. King, J. G., and 
Crossley, H. E, Fuel, S, 544-8 (1929). 

39 gimek, B. G., Ludmila, J., and Stanclova, 
B., Mitt. Kohlenforsch. Inst . Prag, 2, 48-52 
(1935). 


Fischer, 9 investigating the Arsa coal 
which is abnormally high in sulfur, particu- 
larly in organic sulfur, found that the 
Eschka method gave results several per- 
cent too low compared with the Carius 
method. He said this should have been ex- 
pected since it was not reasonable to as- 
sume that the Eschka mixture would hold 
back and absorb the sulfur present in the 
tars and gases formed when the coal was 
heated in the Eschka sulfur determination. 

As the sulfur content of coal is of con- 
siderable commercial importance, much at- 
tention has been given to methods for its 
estimation, especially toward ways of sim- 
plifying the methods or shortening the 
time required for the analysis. Many of 
these proposals have as their purpose the 
shortening of the overall time required to 
run a determination by the Eschka method 
either by decreasing the time required for 
the ignition or by eliminating the gravi- 
metric procedure for the determination of 
the sulfate formed. Although some of 
these methods may shorten the elapsed time 
required for a determination, they require 
individual attention to each run and, there- 
fore, are not attractive to a commercial or 
preparation plant laboratory where a large 
number of determinations have to be run 
during the day. In spite of all the pro- 
posed modifications, the Eschka and bomb- 
washing procedures as described by the 
A.S.T.M. continue to be the preferred 
methods of the laboratory running a large 
number of determinations since, under their 
conditions of operation, the man-hours per 
determination are lower by these methods. 
Other reasons for proposing modifications 
are the elimination of the Eschka mixture 
which is not easy to prepare in desirable 
physical form and may be expensive. 

The early history of the development of 
methods for the determination of total 
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sulfur has been well reviewed by Strache 
and Lant. 40 The first really practical, re- 
liable method was that of Esehka. Many 
modifications of the Esc-hka method have 
been proposed, but none have received any 
wide adoption. 41 Stadnikoff and Titov 42 
recommended inverting the inner crucible 
containing the coal and Esehka mixture in 
a larger crucible and sealing the space be- 
tween the two crucibles with Esehka mix- 
ture. Lanzmann 43 confirmed the accuracy 
of the Esehka method for high-sulfur coals 
and stated that the bomb-washing method 
gave variable results. Hackl, 44 however, 
proposed a mixture of equal parts of so- 
dium carbonate and potassium permanga- 
nate in place of Esehka ? s mixture for high- 
sulfur coals. Otin and Cotrutz 45 checked 
Hackl’s method against the Esehka method 
and found small differences between them, 
the variations being the greater with the 
Hackl method, which required longer 
heating. Ter Meulen 46 proposed heating 
the coal mixed with soda and magnesia in 
a porcelain boat in a quartz tube in a 
stream of air, passing the resultant gases 
over incandescent asbestos, absorbing any 
sulfur dioxide formed in potassium hydrox- 
ide solution, and adding that solution to 
the extract of the contents of the boat; he 
claimed that the results thus obtained were 
more nearly accurate. Ivison 47 found that 
calcium oxide did not give the same accu- 
racy that magnesium oxide does. He stated 
that care must be exercised in selecting the 
calcium oxide used but that high purity is 

40 See pp. 484-6 of ref. 10. 

41 See pp. 37-42 of ref. 22. 

42 Stadnikoff, G. L., and Titov, X. G., Brenn- 
s toff -Chem ., 13, 2S5-7 (1932). 

43 Lanzmann, R., ibid., 13, 167 (1932). 

44 Hackl, G., Chem.-Ztg., 52, 933-4 (192S). 

45 Otin, C., and Cotrutz, G., Brennstoff-Chem ., 
13, 126-7 (1932). 

46 Ter Meulen, H., Chem. "Weekblad , 24, 206—7 
(1927). 

47 Ivison, N. J., Fuel, 11, 23-4 (1932). 


not necessary. Thau and Wisser 43 have 
reviewed the Esehka, magnesium oxide, cal- 
cium oxide, and sodium peroxide methods 
and their improvements. 

To cut down the time of ignition in the 
Esehka method, Lernerman 49 proposed 
igniting the coal with one-fifth of its weight 
of a mixture of 1 part of sodium carbonate 
and 2 parts manganese dioxide in a stream 
of pure oxygen, claiming that but 10 to 15 
minutes was required by this procedure. 

Bahr and Heide 50 proposed a rapid 
method in which the coal is heated with 
barium peroxide and an aluminum ther- 
mite. The sulfur forms barium sulfide, 
which is later decomposed with hydro- 
chloric acid, the hydrogen sulfide being ab- 
sorbed as cadmium sulfide and the sulfur 
determined iodometrically. The results by 
this method were higher than by the 
Esehka method even after blank correc- 
tion. Melzer 51 found this method to be 
inaccurate and proposed modifications. 

Young 52 proposed the use of a mixture 
of calcium oxide and sodium nitrate in 
place of Esehka mixture and found that 
the results were satisfactory for coals hav- 
ing less than 3 percent sulfur but were 
lower than results by the Esehka method 
for high-sulfur coals, for example, 0.18 per- 
cent for a coal containing 6 percent sulfur. 

Sveshnikov and Smernova 53 stated that, 
if the ignition is carried out for a suffi- 
ciently long time (1.5 hours), there is no 
need to oxidize the solution with bromine 

4S Thau, A., and Wisser, W., Wasser u. Gas , 
23, 467-75 (1933). 

49 Lernerman, G. V., J, Chem. Ind. ( U.S.S.R . ), 
S, 1087— 9 (1931). 

50 Bahr, H., and von der Heide, W., Z. angew. 
Chem., 37, 848-51 (1924). 

si Melzer, W., ibid., 38, 976 (1925); Brenn - 
stoff-Chem., 7, 313-4 (1926). 

52 Young, C. H., Geol. Survey China, Reprint , 
Bull. 23, 5-12 (1933). 

53 Sveshnikov, A. T., and Smernova, E. V., 
Zavodskaya Lab., 5, 497-8 (1936) ; Chem. Abs ’ 
30, 6165 (1936). 
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water or hydrogen peroxide before precipi- 
tation of the barium sulfate. 

Smith and Deem 54 tried perchloric acid 
as the- digesting agent in the determination 
of sulfur in coal and coke but found the 
results erratic and low when compared with 
the Eschka method. 

When the sulfur content of coal is de- 
termined by the bomb-washing method, the 
initial charge of air in the bomb should not 
be removed by flushing with oxygen since 
the oxides of nitrogen formed during the 
combustion act as catalysts in converting 
sulfur dioxide to sulfur trioxide. 55 Ro- 
llout 56 recommended adding from 10 to 15 
percent of nitrogen to the oxygen in the 
bomb calorimeter, especially for high-sulfur 
coals, to facilitate the complete conver- 
sion of the sulfur to sulfur trioxide. The 
A.S.T.M. Method D271-37 states that fill- 
ing the bomb with oxygen without displac- 
ing the original air should insure sufficient 
nitrogen for complete oxidation of the sul- 
fur in the coal. 

The peroxide method has been sponsored 
mainly by Parr, 57 particularly in connec- 
tion with the turbidimetric method for esti- 
mating the barium sulfate, in order to 
make the method rapid. Methods have 
been proposed, especially in Russia, as be- 
ing particularly rapid, in which the coal is 
burned in a stream of oxygen, the sulfur 
dioxide is picked up from the combustion 
gases in an oxidizing medium such as hy- 
drogen peroxide or iodine water, and the 
resulting sulfuric acid is titrated. Certain 

54 Smith, G. F., and Deem, A. G., Ind. Eng. 
Chem ., Anal. Ed 4, 227-9 (1932). 

55 Regester, S. H., Ind. Eng. Chem,., 6, 812—22 
(1914). Bradley, M. J., Corbin, R. M., and 
Floyd, T. W., ibid., 18, 583-4 (1926). 

56Kohout, J. F., ibid., 19, 1065-6 (1927). 

57 Parr, S. W., Univ. Illinois, Bull. 1, No. 20 
(1904), 40 pp. ; Illinois Univ. Studies , 1, 309-14 
(1904) ; J. Am. Chem. Soc., 22, 646-52 (1900) ; 
J. Ind. Eng . Chem., 11, 230-1 (1919). 


of these methods are also stated to be use- 
ful for simultaneously determining sulfur 
and ash. Yos’Kin 53 absorbed the sulfur 
dioxide in hydrogen peroxide and titrated 
the resulting sulfuric acid with 0.05 N 
NaOH. Kefeli and Berliner 59 titrated 
with 0.02 Y sodium carbonate, and Kho- 
tenskii and Bogomolov 60 with hydrogen 
peroxide or sodium hypochlorite. Pere- 
derii 61 moistened the coal with methyl al- 
cohol to assist in the ignition and absorbed 
the sulfur dioxide in 3 percent hydrogen 
peroxide or iodine and titrated with sodium 
hydroxide. Fogelson, Kalmnikova, and 
Ponikaronskikh 62 proposed the method of 
Kassler, 63 in which the sulfur dioxide is 
picked up in water and titrated as formed 
with iodine. A bit of starch is added to 
the water at the beginning of the test, a 
drop of the iodine solution is added, and 
then iodine is added as fast as the solution 
is decolorized. The titration is complete 
when the combustion is finished. 

Many suggestions have also been made 
in reference to turbidimetric or volumetric 
methods for determining ihe sulfate result- 
ing in any of the methods for determining 
coal sulfur. Application of the turbidim- 
eter by Parr has already been mentioned. 
The turbidimeter has also been recom- 
mended by Tykac and Streit. 64 Pueherna 05 
reported results too high by 6 percent using 

58 Yos’Kin, L. D., Zavods7:aya Lab., 3, 614-6 
(1934). 

59 Kefeli. M. 3kl., and Berliner, E. R., Co7;e and 
Chemistry ( U.S.S.R. ), 4, No. 7. 62-5 (1934). 

60 Khotenskii, E. S., and Bogomolov, V. I., 
Ukrain. Khem. Zhur., S, 3S6-92 (1933). 

61 Perederii, M. P., Coke and Chemistry 
(U.S.S.R.), 4, No. 3, 64-5 (1934). 

62 Fogelson, E. I., Kalmnikova, N. V., and 
Ponikaronskikh, M. I., Zavadskaya Lab., 4, 521-6 
(1915). 

63 Kassler, I., Chem.-Ztg., 57, 573-4 (1933). 

64 Tykac, B., and Streit, J., Paliva a Topeni, 
9, 133-5 (1927). 

65 Pnckerna, J., Listy Cukrovar., 54, 376 
(1936). 
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a photometer. Yurovski 68 used the Eschka 
method for obtaining the sulfate and placed 
the sulfate solution in a centrifuge tube of 
special design having a small cylindrical 
tip, then added barium chloride solution, 
heated to boiling, and centrifuged, reading 
the volume of barium sulfate by means of 
a specially calibrated steel scale. 

Volumetric methods for determination of 
total sulfur have been suggested by several 
investigators. 67 Complete discussions of 
such methods will be omitted here since 
any valid method for the estimation of sul- 
fate is suitable once the coal sulfur has 
been quantitatively transformed to sulfate. 

SULFATE AND PYRITIC SULFUR 

The methods for the determination of 
sulfate and pvritic sulfur which are in gen- 
eral use are those proposed by Powell and 
Parr, 15 * GS 

The sulfate sulfur is determined by ex- 
tracting the coal with 3 percent hydro- 
chloric acid for 40 hours at 60 s C, both the 
iron and sulfur content of the extract being 
determined. Pvritic sulfur is determined 
by extracting the coal with dilute nitric 
acid of 1.112 specific gravity for 2 to 3 days 
at room temperature. The nitric acid is 
evaporated, the residue from the evapora- 
tion is dissolved in hydrochloric acid, and 
the resulting solution is analyzed for iron 
and sulfur, the pvritic sulfur being the dif- 

66 Yurovski, A. Z. f Coke and Chemistry 
(U.S.8.R.), 19 33, No. 12. 75-6 . 

er Kobzarenko, V. S., Nauk. Zapiski Tzukrovoi 
Prom., 20, 39-42 (1932). Kefeli, M. XL, and 
Berliner, E. R., Zavadskaya Lab., 3, 201-4 
(1934). Fogelson, E. I., and Kalinnikova, N. V., 
ibid., 4, 342—4 (1935). Aronov, S. G., Moiseeva, 
K. M., and Treigermann, R. A., Coke and Chem- 
istry { U.S.S.R. ), 4, No. 12, 51-4 (1935). 

63 Powell, A. R., and Parr, S. W„ Bull. Am. 
Inst . Mining Engrs 1919 , 2041-9; Trans. Am. 
Inst Mining Met. Engrs., 03, 674-82 (1920). 
Powell, A. R., J. Ind. Eng. Chem., 12, 887-90 
(1920); TJ. S. Bur. Mines, Tech. Paper 254 
(1921), 21 pp. 


ference between the figure so obtained and 
the value for sulfate sulfur. 

The methods of the United States Steel 
Corporation specify the addition of a few 
drops of bromine water from time to time 
during the digestion of the coal with nitric 
acid to assist in the solution and oxidation 
of the py rite. 69 Yancey and Fraser 8 
boiled 5 grams of the coal with 50 cubic 
centimeters of 1.2 specific gravity hydro- 
chloric acid for 1 hour, filtered, and deter- 
mined the quantity of sulfur in the filtrate. 
They worked with coals which were low 
in sulfate, the highest value being 0.04 per- 
cent. According to von Walther and Biei- 
enberg, 70 pure pyrite is not completely dis- 
solved under such conditions, approxi- 
mately 3 percent remaining undecomposed, 
but, for the low pyrite content of most 
coals, this error is insignificant. 

Woolhouse, 71 who studied these methods 
intensively, found that in general they were 
fairly accurate, but that it was always de- 
sirable to determine iron values together 
with the sulfur values so that some idea of 
the probable error involved might be ob- 
tained. The nature of the iron compounds 
dissolved in the hydrochloric acid varied 
from sample to sample and included fer- 
rous compounds, hydrated ferric oxide, and 
ferric compounds. Mangubi and London, 72 
checking the methods of Powell and Parr, 
found that pvritic iron was satisfactory for 
the determination of pyrite. Young 73 
claimed that dilute nitric acid extracted 
some organic sulfur and recommended the 
calculation of pyritic sulfur from quantities 
of extracted iron. 

69 See pp. 81-4 of ref. 37. 

70 Von Walther, R., and Bielenbexg, W., Braun - 
kohlenarch,. No. 17, 14-9 (1927). 

71 Woolhouse, T. G., Fuel, 4, 454-6 (1925). 

72 Mangubi, B. V., and London, M. E., Coke 
and Chemistry ( U.S.S.R. ), 4, No. 4, 52-9 (1934). 

73 Young, C. H., Fuel, 15, 91-3 (1936). 
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London and associates 74 proposed a 
method in which 1 gram of the coal is 
ashed, the ash digested with hydrochloric 
acid, and the extracted iron determined by 
the Zimmermann-Reinhardt potassium per- 
manganate method. Pyritic sulfur is calcu- 
lated from the iron value so obtained minus 
the hydrochloric-acid-soluble iron in the 
original coal. Sulfate sulfur and hydro- 
chloric-acid-soluble iron are determined in 
the extract obtained by digesting the coal 
with 10 percent hydrochloric acid brought 
to boiling. Pyritic sulfur can be obtained 
directly by the first method if the coal is 
thus treated with 10 percent hydrochloric 
acid before ashing. 

Ranski and Chaikowa 75 described a 
method in which the coal is heated with tin 
and hydrochloric acid, and the hydrogen 
sulfide evolved is absorbed, determined, and 
calculated to pyritic sulfur. 

The State Coal Survey Laboratory of the 
Fuel Research Board of Great Britain 76 
has investigated the method of Powell and 
Parr, that of the United States Steel Cor- 
poration, that of London, Zhadanovskaya, 
Goncharenko, and Berger, and that of 
Ranski and Chaikowa for the determination 
of sulfate sulfur. They found that the 
United States Steel modification of the 
method of Powell and Parr gave a higher 
pyritic sulfur value than the original 
method and one which was more nearly in 
stoichiometric relationship to the pyritic 
iron. The addition of the bromine water 
did not lead to a materially different figure 
for pyritic iron. The method of London et 
al. gave a result in close agreement with 
that of the United States Steel Corpora- 

74 London, M. E., Zhadanovskaya, A. P., Gon- 
charenko, K. M., and Berger, E. B., Coke and 
Chemistry ( U.8.S.R. ), 3, No. 8, 45-51 (1933). 

75 Ranski, B. N., and Chaikowa, N. A., Khim. 
Tverdogo Topliva , 3, No. 9, 73-6 (1933), 

76 Dept. Sci. Ind. Research {Brit.), Fuel Re- 
search Rept. for the Year Ended March SI, 19 Si, 
pp. 37-8. 


tion method but is inaccurate if iron sili- 
cates are present. The method of Ranski 
and Chaikowa gave slightly higher values 
than the other methods and suffered from 
the long time required to carry it through. 
This laboratory also compared the methods 
of Powell and Parr, Yancey and Fraser, 
and London and associates for determining 
sulfate sulfur and found that, despite the 
shorter times of extraction in the Yancey 
and Fraser and London methods the results 
were in close agreement, at least for the 
sample studied. 

ORGANIC SULFUR 

Organic sulfur is usually considered to be 
the difference between the total sulfur and 
the sum of the sulfate and pyritic sulfur. 
Powell and Parr distinguished between phe- 
nol-soluble or resinic sulfur, and insoluble, 
or humic, organic sulfur, on the basis of 
the analyses of the phenol-soluble and 
phenol-insoluble material in the coal. Later 
references indicate that little or no use has 
been made of this method for subdividing 
organic sulfur. 

COMBUSTIBLE SULFUR 

More attention is given to the determi- 
nation of the so-called combustible sulfur 
in Europe than in the United States. Com- 
bustible sulfur is considered to be that 
sulfur which passes off with the gaseous 
products of combustion when the coal is 
burned, the sulfur remaining in the ash 
being called ash sulfur, noncombustible sul- 
fur, or fixed sulfur. Combustible sulfur is 
determined by burning the coal in an oxy- 
gen stream, absorbing the sulfur dioxide 
with bromic acid or hydrogen peroxide, and 
determining the sulfur as sulfate. 77 There 

77 Saver, A., Z. anal. Chem., 12, 32-6 (1873). 
Holliger, M., Z. angew. Chem., 22, 436—49, 493—7 
(1909). Lant, R., and Lant-Ekl, E., Brennstoff- 
Chem 2, 330-2 (1921). 
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have been many variations of this pro- 
cedure which are fully discussed in Strache 
and Lant 78 and in Muhlert . 78 It is appar- 
ent that several of the rapid methods for 
the determination of total sulfur by the 
oxidation of the coal in a stream of oxygen 
are actually methods for the determination 
of combustible sulfur if no account is taken 
of the sulfur which may remain in the 
combustion residue. For low-sulfur, low- 
ash coals, this may be negligible, but for 
high-ash, and especially for high-ash high- 
sulfur, coals there may be an appreciable 
difference. 

The sulfur content of the ash may be 
determined by igniting the ash with sodium 
carbonate or Esehka mixture, extracting 
the ignited mixture with water, filtering, 
completing the oxidation with bromine 
water or hydrogen peroxide, and precipi- 
tating the sulfur as barium sulfate. 26 * 3r * 7S 
Thieler 79 recommended spreading the ash 
in a thin layer on a layer of potash in a 
platinum crucible, covering the ash with a 
mixture of potassium carbonate and potas- 
sium nitrate, and igniting in an electric 
muffle until all solid particles dissolved. 
The crucible contents were extracted with 
water and the sulfate determined gravi- 
metrical!}'. 

SULFIDE SULFUR 

Sulfides are nor found in coal but are in 
coke. Sulfide sulfur occurs mainly as iron 
sulfide but may also be present as calcium 
sulfide. It is determined by evolution 
methods in which the hydrogen sulfide is 
released from the sulfides in the coke as 
hydrogen sulfide, absorbed as cadmium sul- 
fide, and determined, usually volumetri- 
eally . 80 

"S See pp. 466-70 of ref. 10 and pp. 42-4 of 
ref. 22. 

to Tiiieler, E., dissertation, Aachen, 1912. 

so See pp. $4-6 of ref. 37. 


THE SULFUR CONTENT OF COALS 

The determination of the total sulfur 
content of coal is part of both the proxi- 
mate and the ultimate analysis of coal . 81 
Proximate and ultimate analyses of coal, 
therefore, almost always include values for 
sulfur. Because of the variability of the 
sulfur content of coals from place to place 
and from seam to seam and even within 
the seam itself over small areas, publica- 
tion of individual values here would serve 
no useful purpose. Compendia of analyses 
of coals published by federal, state, busi- 
ness, and trade organizations regularly 
carry values for the total sulfur content of 
the coals whose analyses they report. One 
of the earliest collections of analyses of 
United States coals which includes sulfur 
determinations, and which is largely of 
historical interest, is that by Johnson 82 

Determinations of the amounts of py- 
ritie, sulfate, and organic sulfur have in 
the past been less frequently carried out, 
but the more recent tendency has been to 
include these determinations on samples of 
coal collected at the face or tipple in con- 
nection with surveys of mineral resources 
and for samples in connection with studies 
of coal cleaning and •carbonization. This is 
especially true for the higher-sulfur coals. 
The pyritic, sulfate, and organic sulfur 
contents of those coals being studied in the 
U. S. Bureau of Mines-American Gas As- 
sociation Survey of the Coal, Coke, and 
Gas-Making Properties of American Coals 
are usually determined . 83 

Analyses of Canadian coals are contained 

si Haslam, R. T., and Russell, R. P., Fuels and 
Their Combustion, McGraw-Hill Book Co., New 
York, 1926, p. 24. 

5 2 Johnson, W. R., A Report to the Navy De- 
partment of the United States on American Coals 
Applicable to Steam Navigation and to Other 
Purposes, 29th Congress, 1st Session, Document 
386, 1844, 600 pp. 

53 Wilson, J. 23., and Davis, J. D., U. S. Bur. 
Mines, Tech . Paper 637 (1942), 10 pp. 
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in the reports of the Canadian Division of 
Fuels and Fuel Testing, Mines Branch, 
Canada Department of Mines; those of 
British coals are contained in the reports 
of the Physical and Chemical Survey of the 
National Coal Resources of the Depart- 
ment of Scientific and Industrial Research 
of Great Britain. 

V on Bitto 84 reported the total sulfur, 
“combustible sulfur,” and noncombustible 
sulfur contents of fifty Hungarian coals. 

The Influence of Pyrites on the 
Spontaneous Combustion 
of Coal 

The spontaneous ignition of coal has 
often been attributed to the presence of 
pyrite. That pyrite is solely responsible 
for the spontaneous ignition of coal has 
been rather definitely disproved. On the 
other hand, there are at least certain con- 
ditions under which the presence of pyrite 
definitely increases the susceptibility of 
stored coal to spontaneous ignition. The 
early literature on the influence of pyrites 
on the spontaneous combustion of coal has 
been reviewed by Parr and Kressman 85 
and by Davis and Byrne. 86 The relation 
of pyritic oxidation to the spontaneous 
combustion of coal has also been studied 
by Macpherson, Simpkin, and Wild, 87 who 
stated that their results emphasize the im- 
portance that must be attached to the mode 
of existence in the pyrite when considering 
its probable influence on the spontaneous 
combustion of coal. Parr and Kressman S5 
concluded that the presence of sulfur in the 
form of iron pyrite is a positive source of 
heat due to the reaction between sulfur and 

84 Von Bitto, B., Z . angew . Chem ., S» 37—41 
(1895). 

85 Parr, S. W., and Kressman, F. W., Univ. 
Illinois , Eng. Esopt. Eta., Bull. 46, 57-82 (1910). 

86 Davis, J. D., and Byrne, J. F., Carnegie 
Inst. Tech., Coop. Bull. 3, 21-3 (1922). 

87 See p. 15 of ref. 19. 


oxygen. Davis and Byrne ss concluded 
that “'Artificial mixtures of coal and pyrite 
in various proportions showed a critical 
temperature no lower than that of the coal 
alone, while pure pyrites had a critical tem- 
perature 26° C higher than the coal. From 
this it appears that massive pyrite or 
'brass lumps’ are not dangerous in a coal 
pile. Iron sulfide finely disseminated in 
microscopic nodules may be a subsidiary 
cause of heating, but to just what extent is 
not known. The distinction between the 
action of pyrite and mareasite has not been 
definitely established, nor have the micro- 
scopic nodules been identified absolutely as 
mareasite or pyrite. This point would 
merit further investigation.” The British 
Departmental Committee of the Home 
Office on Spontaneous Combustion of Coal 
in Mines concluded from the evidence pre- 
sented to them that “'some small amount 
of heat may be developed by the oxidation 
of pyrites in coal when it occurs as an 
amorphous form of mareasite: but that, as 
pyrites is present in coal in such small pro- 
portions as compared with the coal sub- 
stance proper — -which is a bad conductor 
of heat — the effect of this heat is negli- 
gible. The chief part played by pyrites 
when present in an unstable form is that 
of a disintegrator of the coal, so rendering 
the latter more permeable by air and ex- 
posing a greater area of coal substance to 
oxidation.” 89 

Francis and Wheeler 90 stated, “It is 
now recognized that, whilst on occasion the 
presence of pyrites may be a contributing 
or even a determining factor, the main 
cause of the spontaneous combustion of 

ss See pp. 35-6 of ref. 86. 

89 Brit. Mines Dept., Com . of the Home Office 
on Spontaneous Combustion of Coal in Mines, 
H. M. Stationery Office, Cmd. 1417 (1921), 114 

pp. 

so Francis, W., and Wheeler, R. V., Safety in 
Mines Research Board (London) t Paper 28, 3 
(1926). 
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coal is the direct action of the oxygen of 
the air on the coal substance. The study 
of the spontaneous combustion of coal has, 
therefore, resolved itself into a study of 
the character of the reactions between oxy- 
gen and the coal substance at low tempera- 
tures ” 

The greatest influence of pyrites on the 
spontaneous ignition of stored coal is prob- 
ably its action in breaking up the coal upon 
oxidation. In moist air or in moist aerated 
conditions pyrite oxidizes to ferrous sul- 
fate, which is greater in volume than the 
original pyrite. The formation of ferrous 
sulfate causes the coal to crack and crumble 
away and increase in surface area. Any 
tendency toward heating is thereby aggra- 
vated. 

Pyrite recovered from coal for commer- 
cial shipment has been known to ignite 
spontaneously while stored in railway cars. 
This is a hazard which must be guarded 
against. 

The Utilization of Coal Sulfur 

In a year of good activity, 500,000,000 
tons of coal are mined in the United States. 
Assuming that coal will average 1 percent 
of sulfur, this coal will carry 5,000,000 tons 
of sulfur or from 2 to 2.5 times the aver- 
age annual consumption of sulfur by the 
entire United States industry in the decade 
from 1930 to 1940. The major proportion 
of this sulfur eventually And.? its way to 
the atmosphere as sulfur dioxide. The idea 
of recovering this sulfur has at times in- 
trigued many people, both from the stand- 
point of eliminating its nuisance in the at- 
mosphere and from the standpoint of add- 
ing to the mineral resources of the country. 

The commercial recovery and utilization 
of coal sulfur would be profitable or prac- 
tical only under certain special conditions. 
Sulfur may be recovered as pyrite during 
mining and preparation of coal, as sulfur 


or sulfur compounds in the manufacture of 
coal gas, producer gas, water gas, and the 
like, or by scrubbing the gaseous products 
of combustion of coal. Spetl 91 has re- 
viewed the whole field of possible utiliza- 
tion of coal sulfur. 

When pyrite occurs in massive bands or 
lenses it can frequently be recovered in 
commercially acceptable form at relatively 
low cost. This recovery may start at the 
mine face with the segregation of lenses 
and massive bands and continue through 
to the tipple or cleaning plant with the 
segregation and purification of highly py- 
ritic refuse. A threatened shortage of sul- 
fur for sulfuric acid manufacture in the 
United States during the first World War 
awakened interest in the possibilities of 
recovering suitable pyrite in connection 
with coal-mining operations. The U. S. 
Bureau of Mines and various state geo- 
logical surveys estimated the potentially 
available supplies and proposed procedures 
and plant. Before any great progress was 
made, the end of the war and the rapid 
development of the native sulfur deposits 
in Louisiana and Texas by the Fraasch 
process made economic conditions again 
unfavorable for coal pyrite recovery. Yan- 
cey 92 reported on the nature of pyrite 
samples collected by the U. S. Bureau of 
Mines in cooperation with various state 
geological surveys — Ohio, Missouri, Indi- 
ana, Tennessee, Kansas, Kentucky, Illinois, 
Pennsylvania, and Michigan. Most of 
these samples contained over 40 and prac- 
tically all contained more than 35 percent 
sulfur. This survey, according to Hol- 
brook 93 showed that a total of 1,456,000 
tons of pyrite containing more than 40 per- 
cent sulfur were available per year at that 

si Spetl, F., Chem. Ohsor, 11, 115-7 (1936). 

92 Yancey, H. F., Chem. & Met. Eng., 22, 105-9 
(1920). 

93 Holbrook, E. A., Trans. Am. Inst. Mining 
Met. Engrs ., 63, 638-40 (1920). 
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time from those mines only whose coals 
would yield more than 1 percent of sulfur. 
The estimates for the individual states were 
as follows: 


Kansas 

Missouri 

Iowa 

Illinois 

Indiana 

Kentucky 

Tennessee 

Michigan 

Ohio 

Pennsylvania 


Tons per Year 

125.000 

175.000 

140.000 

238.000 

250.000 

25.000 

56.000 

12.000 

235.000 

200.000 


A survey had previously been made by 
the State of West Virginia, but figures were 
not available. 

An objection to the use of coal pyrite 
for the manufacture of sulfuric acid was its 
associated carbon content, the carbon diox- 
ide resulting from its combustion being 
said to decrease the efficiency of the 
chamber process and tarry matter which 
sometimes escaped through the burners 
darkening the acid. Yancey stated that 
the harmful influence of carbon dioxide on 
the chamber process was due to incomplete 
understanding of the proper conditions and 
that successful acid production could be 
attained without trouble, using pyrites con- 
taining up to 10 percent carbon, though 
he recommended that the maximum should 
be 8 percent carbon. Parrish 94 recom- 
mended that pyrite for sulfuric acid manu- 
facture should have a minimum sulfur con- 
tent of 38 percent and a maximum ferrous 
sulfate content of 6 percent. 

i^pof-ted that Messrs. Chance at 
Gidbury, England, had manufactured sul- 
furic acid from coal py&te, the acid being 
dark from the carbonaceous matter con- 

94 Parrish, P., Gas J., 141, 246—7 (1918). 

95 Hart, E., Trans. Am. Inst. Mining Met . 
Engrs 03, 638 (1920). 


laminating the pyrites. The acid tvas ac- 
ceptable to its purchasers, so much so that 
they objected to light-colored acid later 
produced from pure pyrite, and this acid 
had to be colored by the addition of 
charred sugar to satisfy them. The Con- 
solidated Coal Company was reported by 
Holbrook to have erected a sulfuric acid 
plant at Fairmont, W. Ya., to use pyrite 
recovered from coal. 

Compared to commercial pyrite, coal 
pyrite is low in arsenic. Arsenic contents 
in percentages of coal pyrite samples from 
various states in the United States have 
been reported by Y r ancey 92 as follows: 
Pennsylvania, 0.056, 0.039; Illinois, 0.029, 
0.005; Ohio, 0.005; and Tennessee, 0.015. 
Phosphorus contents also were low, rang- 
ing from 0.003 to 0.085 percent, seven 
samples having less than 0.015 percent 
phosphorus and four samples less than 
0.008 percent. Holbrook 20 reported that 
pyrite from Illinois coal contained no ar- 
senic or antimony. 

Holbrook 20 has reviewed the recovery 
of pyrite in Illinois up to 1917 and has re- 
ported studies on possible methods and 
equipment for the commercial recovery of 
pyrite for acid making. Smith and Mitch- 
ell 96 stated that pyrite for the manufac- 
ture of sulfuric acid was being recovered 
at two plants in Illinois in 1936. 

Holbrook and Nelson 20 using the ore- 
dressing pilot plant at the University of 
Illinois also investigated the possibility of 
obtaining marketable pyrite concentrates 
from Tennessee coal. They estimated that 
at that time plants to produce 50 and 100 
tons of pyrite concentrate per S hours 
would cost $14,000 and $20,000 respec- 
tively. 

Parsons, Anderson, Johnston, and Jen- 

96 Smith, C. M., and Mitchell, D. R., Univ. Illi- 
nois, Eng. Expt . Sta Bull. 2S5 (1936), 44 pp. 
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kins 07 described the procedure used at the 
Dominion Coal Company, Sydney, Nova 
Scotia. Waskery waste containing 11 per- 
cent sulfur was ground in a closed circuit 
with a Dorr classifier. The overflow was 
passed over a 48 by 65 mesh screen to take 
out coarse clean coal, and the fines were 
floated to give a clean concentrate. The 
tailings contained most of the sulfur, which 
were thickened to 35 percent solids content 
and floated to recover pyriie. Faddeen ss 
reported on various methods of concentrat- 
ing coal pyrite and stated that the results 
were generally unsatisfactory. Yancey and 
Taylor, 09 studying the froth flotation of 
coal for purposes of sulfur and ash reduc- 
tion, found that the oxidation products of 
pyrite are powerful pyrite depressants and 
suggested the use of iron salts as depres- 
sants for pyrite. More recent work fur- 
ther substantiates the conclusions of the 
earlier work that there are no serious tech- 
nical difficulties in the way of pyrite re- 
covery in the course of coal mining, but 
that in normal times the economic feasi- 
bility is questionable. 100 

Since quality requirements for pyrite for 
sulfuric acid manufacture are fairly high, 
attempts have been made to find other 
uses lor coal pyrite. Postmkor, Kuz'min, 
and Kriliov 101 have given a method for 
recovering free sulfur from pyrite con- 
taminated with carbon. The pyrite is 

S7 Parsons, C. S., Anderson, A. K., Johnston, 
J- D., and Jenkins, W. S., Can . Dept. Mines, , 
Mines Branch , Kept. 73G (1934), pp. 32-4. 

ss Faddeen, X. V., Gorno-Obogatitel. Bela, 1929, 
No. 2, 49-80. 

S9 Yancey, H. F., and Taylor. J. A., r. S. Bur . 
Mines, Kept. Investigations 3263 (1935), 20 pp. 

100 Bixby, K. R., Min. Congr. J. s 23, No. 11, 
16-20 (1937) ; Colliery Guardian 3 155, 1223-5 
(1937). Bering, A., and Erberich. G., Gliickauf, 
74, 537-40 (193S). Kiihlwein, F. L., and Leh- 
man, G., Hid., 74, 540-6 (1938). 

101 Postmkor, V. V., Kuz’min, L. L., and Kril- 
lov, I. P., Angew, Chem., 47, 668-71 (1934) ; J. 
Chem. Ind. ( U.8.S.B . ), 1934, No. 6, 22-6. 


mixed with 10 to 15 percent of coal and 
heated to 600 to 800° C in a stream of gas 
deficient in oxygen. Free sulfur is formed 
in yields of 80 percent. The layer of 
pyrite should be thick and the stream of 
gas rapid. At first hydrogen sulfide is 
formed through the action of the water 
present in the coal. Later, sulfur dioxide 
forms when the carbon is. used up. Muhl- 
ert 102 suggested that a use for coal pyrite 
is its conversion at a coke-oven plant into 
sulfur dioxide which may be used to react 
with the hydrogen sulfide in the gas to 
form elemental sulfur, or in the recovery 
of ammonium sulfate, or in some modifica- 
tion of the Feld polythionate process. The 
gas obtained during the carbonization of 
coal contains a part of the sulfur originally 
present in the coal. As has been mentioned 
elsewhere, the proportion of the total sul- 
fur which will be found in gas depends 
upon the distribution of the sulfur vari- 
eties in the coal and the conditions of car- 
bonization. For most purposes, and espe- 
cially when the gas is sold for domestic con- 
sumption, the sulfur in the gas is highly 
undesirable and must be removed. At- 
tempts have naturally been made to re- 
cover it from the gas in useful form. 

As will be described in more detail in 
another section of this book (see Chapter 
26), sulfur compounds may be removed 
from the gas by dry or by wet purification 
processes. The main dry purification proc- 
esses involve the absorption of the hydro- 
gen sulfide by means of iron oxide or the 
absorption of the sulfur compounds by 
means of activated carbon or other active 
absorbing agents. The wet" purification 
processes either absorb the hydrogen sul- 
fide or convert it into other compounds. 

In the dry purification of coal gas by 
means of iron oxide, the sulfur present in 

102 MtiLlert, F., Chem. Fabrik 9, 273—81 
(1936). 
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the gas as hydrogen sulfide is absorbed and 
eventually converted during the reactiva- 
tion of the oxide into free sulfur. Spent 
oxide may contain from 30 to 50 percent 
free sulfur, depending upon the conditions 
of operation. In American practice, spent 
oxide usually contains about 30 percent sul- 
fur; in European, the sulfur is frequently 
allowed to build up to 50 percent. 103 

This sulfur may be recovered by extrac- 
tion of the spent oxide with solvents for 
sulfur with subsequent recovery of the sol- 
vent for reuse. Carbon bisulfide has been 
found to be most satisfactory for this pur- 
pose. Benzol, tetralin, and high-boiling 
solvent naphtha have not proved satisfac- 
tory. Although carbon bisulfide is used on 
a large scale in other industries, it has not 
found extensive application in the coke in- 
dustry because of the hazards it involves. 
The solvents also dissolve tar and hydro- 
carbons that contaminate the sulfur. Proc- 
esses for the purification of the sulfur solu- 
tion have been proposed in w r hich the solu- 
tion is filtered through clarifying clays or 
treated with a mixture of sulfur and nitric 
acids or a chlorosulfonic acid. 104 

In another process 105 the sulfur is ex- 
tracted by means of an ammonium poly- 
sulfide solution w T hich is later boiled to 
precipitate the dissolved sulfur. Processes 
for the extraction of sulfur are not gener- 
ally profitable unless the operations can be 
conducted on a very large scale. The 
Ruhrgas A.-G. constructed a central plant 
at Horst-Gelsenkirchen for the treatment 
of spent oxide obtained from surrounding 
gas plants. This plant had a capacity of 
treating 16,000 to 17,000 tons of spent 

103 Gluud, W., and Jacobson, D. L., Interna- 
tional Handbook of the By-Product Coke In- 
dustry , Chemical Catalog Co., New York, 1932, 
p. 537. 

104 I. G. Farbenindustrie A.-G., Ger. Pat. 428,- 
087 (1926). 

los I. G. Farbenindustrie A.-G., Ger. Pat. 428,- 
983 (1926). 


oxide, containing 7,000 tons of sulfur and 
representing 1,000,000,000 cubic meters of 
gas out of the total of 4,500,000,000 cubic 
meters of gas produced in Germany. It 
was estimated that the equivalent of 27,000 
tons of sulfur could be obtained in this 
manner from the total 4,500,000,000 cubic 
meters of gas. The cost of dry purification 
of gas containing 6 grams of hydrogen sul- 
fide per cubic meter at the Hamborn, Ger- 
many, Gas Works, including the cost of 
extracting the sulfur, was 43.7S pfennigs 
per 1,000 cubic meters. Allowing for the 
value of the sulfur and ferrocyanide recov- 
ered, this cost became 39 pfennigs. In con- 
trast, the purification of a similar gas by 
the Thylox process cost 19 pfennigs. 102 
The spent oxide may also be burned and 
the sulfur dioxide so obtained converted to 
sulfuric acid for use, for example, in re- 
covering ammonia as ammonium sulfate. 106 

In the wet purification processes, the 
hydrogen sulfide may be absorbed and re- 
covered as such as in the Koppers phenol- 
ate and hot actification carbonate purifi- 
cation systems and subsequently used, for 
example, in the manufacture of sulfuric 
acid, or the hydrogen sulfide may be made 
to react to give free sulfur, sulfates, thio- 
sulfates, or some other sulfur-containing 
compound. Although the reactions of sul- 
fur are complex and allow of many possi- 
bilities, apparently few, if any, have been 
overlooked by investigators in this field. 
(See Chapter 26.) 

Among the earliest of the liquid purifi- 
cation processes w~as that of Claus, 107 in 
which the gas tvas scrubbed with ammonia 
liquor, the resulting liquors being dis- 
tilled under columns and hydrogen sulfide 
and carbon dioxide being liberated while 

toe Wagner, F. H., Coal Gas Residuals , Mc- 
Graw-Hill Book Co., New York, 1918, p. 191. 

107 Claus, C. F m Ger. Pats. 23,763 (1883), 
39,277 (1886) ; J. Gasbeleucht., 30, 1140 (1887). 
Joly, H., ibid., 30, 1033-8 (1887). 
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the ammonia remained in solution. The 
liberated gases were burned in a special 
column and elementary sulfur was recov- 
ered. The difficulties encountered here 
are due to the fact that the carbon dioxide 
content is frequently several times the 
hydrogen sulfide content and the combus- 
tion of hydrogen sulfide is thereby pre- 
vented. Similar processes have been sug- 
gested by others. 103 

Hydrogen sulfide and sulfurous acid re- 
act to form elemental sulfur. This is a 
fundamental reaction on which a number 
of processes are based. Estcourt, Veevers, 
and Schwab 109 proposed the use of cal- 
cium chloride solution, regenerating the 
spent solution by treatment with sulfurous 
acid to convert the absorbed hydrogen sul- 
fide to sulfur. Behrens 110 patented the 
process of washing the gas with a solution 
of sulfurous acid and converting the thi- 
onic acids formed into sulfur and sulfurous 
acid by evaporation. To accelerate the 
reaction between the hydrogen sulfide and 
the sulfurous acid the solution may be dis- 
persed as a fine mist 111 

Hydrogen sulfide in solution treated with 
ammonium sulfite is converted into sul- 
fur 112 or on heating into sulfate and sul- 
fur. 113 The gas when treated with sulfu- 
rous acid at high temperature may convert 
the hydrogen sulfide directly into sulfate 
and sulfur. 114 The reaction may be accel- 
erated by catalysts, for example, aluminum 

1GS Hills, F. c. r Brit. Pat. 1,369 (1S6S). 

O’Neill, J. C.. Proc. Am. Gas Inst., 1, 461-70 
(1913). Krieger, A., Ger. Pat. 322,93S (1920). 
H. Koppers A.-G., and Hansen, C.. Ger. Pat. 
504,777 (192S). 

109 Esteourt, C., Veevers, H., and Schwab, M., 
Ger. Pat. 45,948 (1887). 

no Behrens, J., Ger. Pat. 300,036 (1919). 

in Allgemeine Vergasungs-G.m.b.H., Ger. Pat. 
309,159 (1919). 

nsBergfeld, L., Ger. Pat 290,509 (1912). 

ns Generator A.-G., Ger. Pat 310,124 (1919). 

H4 Aktiengesellsehaft Produkte-Fabrik Pom- 
merensdorf, Ger. Pat. 300,383 (1917). 


sulfite. 115 By washing the gas with a solu- 
tion of sodium sulfite or bisulfite, sodium 
thiosulfate can be formed directly. 116 
Processes have been developed using am- 
monium sulfite and bisulfite in which con- 
ditions are held so as to show a minimum 
tension of hydrogen sulfide and sulfur 
dioxide. 117 According to Terres and 
Hahn, 118 this condition is met by a solution 
of sulfite and bisulfite in which there are 
about 1.3 to 1.6 molecules of ammonia for 
each molecule of sulfur dioxide. The proc- 
ess was worked for some time in a small 
experimental plant with a daily through- 
put of 176,000 cubic feet, 119 at the Auguste 
Viktoria Colliery Company, but it has not 
been possible to introduce it on a large 
scale, evidently because the reactions are 
too complicated and also because it is not 
sufficiently flexible with regard to the prod- 
ucts made. 120 

Feld 121 attempted to recover the sulfur 
present in the hydrogen sulfide and the 
ammonia in the gas as ammonium sulfate 
by means of his polvthionate process. 122 

H. Koppers A.-G. has proposed a modi- 
fication of this system known as the C.A.S. 
system. Other processes attempting to re- 
cover the sulfur as ammonium sulfate are 
those of Burkheiser. 123 In spite of the 

ns Fritscbe, P., Ger. Pat. 250,243 (1910) 

251,353 (1911). 

lie I. G. Farbenindustrie A.-G., Ger. Pat. 431,- 
307 (1926). 

117 Hansen, C., Ger. Pats. 504,640, 523,678, 
524,792, 526,079, 527,220 (1926). 

ns Terres, E., and Hahn, E., Gas - u. Wasser- 
fach, 70, 3S9-95 (1917). 

ns Overdick, F., Z. angew. Chem ., 43, 1048-51 
(1930). 

120 See p. 551 of ref. 103. 

121 Feld, W., Z. angew. Chem., 25, 705-11 
(1912). 

122 Raschig, F., Z. angew. Chem., 33, 260-2 
(1920). Funcke, W., Gluckauf, 60, 835-40, 868- 
76, 897-905 (1924). 

123 Burkheiser, W., Ger. Pats. 212,209 (1907), 
215,907, 217,315 (1908), 223,713 (1909) ; Gas - 
*- Wasserfach, 69, 765-71 (1926). Terres, E., 
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many processes which have been proposed 
for recovering sulfur in one form or an- 
other, those which have achieved commer- 
cial success in America are the Hoppers 
phenolate process for the recovery of the 
hydrogen sulfide in useful form as such and 
the Thylox, Ferrox, and Nickel processes 
of the Koppers Company , 124 which recover 
elemental sulfur. Of these the Thylox 
process is most widely used and produces 
a sulfur of extremely fine particle size 
which has found extensive application 
either in paste, dust, or dry wettable form 
as an agricultural spray material . 125 The 
Thylox sulfur may be converted to brim- 
stone by treatment in an autoclave; the 
sulfur and the gas may also be used in 
certain processes for producing ammonium 
thiocyanate . 126 

When coal is burned most of the sulfur 
it contains escapes to the atmosphere as 
sulfur dioxide , 127 the obnoxious effects of 
which have long been recognized. Attempts 
to decrease this nuisance by decreasing the 
sulfur content of the coal can be only 
partly successful, since it is both physically 
and economically impossible to remove all 
the sulfur in the coal. If pollution of the 
atmosphere by sulfur dioxide from coal 
combustion is to be eliminated, the flue 
gas must be treated. Sulfur dioxide re- 
moval from the flue gases from large power 
plants in the London area is now required 
by law and entails large investments and 
operating costs. Wider enactment of such 
laws is hindered by the fact that economi- 

and Hahn, E., ibid., 70, 309-12, 339-43, 363-7, 
389-95 (1927). Also see pp. 551-5 of ref. 103. 

124 See pp. 563-78 of ref. 103. 

125 Jacobson, D. L., Chem. Markets, 29, 363 
(1931). Sauchelli, V., Ind. Eng. Chem., 25, 
363-7 (1933). 

126 See pp. 515-21 of ref. 103. 

127 Burdick, L. K., and Barkley, J. F., XI. 8. 
Bur . Mines, Information Circ. 7065 (1939), 23 

pp. 
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cal means for complying with them are not 
available. 

Recovery of the sulfur present in the 
flue gas in commercially valuable form 
provides a solution to the problem of dis- 
posing of the extracted sulfur compounds ; 
moreover, the sale of these compounds 
will at least partly compensate for the cost 
of their removal. Attempts have been 
made to recover this sulfur as sulfuric 
acid, sulfur dioxide, and sulfite or sulfate 
salts. Johnstone and his coworkers in the 
United States have actively investigated 
this entire field and have reported their 
work on the production of dilute sulfuric 
acid by the catalytic oxidation of sulfur 
dioxide in solution 123 and on the absorp- 
tion and regeneration of sulfur dioxide by 
ammonia solution , 129 by other solvents , 130 
and by the use of zinc oxide . 231 

Reports also have been published on the 
design of absorption towers for treating 
large quantities of gases 132 and on the eco- 
nomics of sulfur removal . 133 In the zinc 
oxide process, the gases are scrubbed with 
an alkaline solution, the solution is clarified 
to remove ash solids, and the absorbing 
solution is treated with zinc oxide, whereby 

12 $ Johnstone. H. F., Ind. Eng. Chem., 23, 
559-62 (1931) ; Proc. Srd Intern. Cent. Bitumi- 
nous Coal , 1931, 576-92 : Combustion, 5, No. 2, 
19-30 (1933) ; Univ. Illinois , Eng. Expt. Sta., 
Reprint 2 (1933), 32 pp. Johnstone, H. F., and 
Leppla, P. TV., J. Am. Chem. Soc., 56, 2233— S 
(1934). 

129 Johnstone, H. F., Ind. Eng. Chem., 27, 
587-93 (1935), 29, 139S-S (1937). Johnstone, 
H. F., and Keyes, D. B., ibid., 27, 659-65 (1935). 
Johnstone, H. F., Bead, H. J., and Blankmeyer, 
H. C., ibid., 30, 101-9 (193S). 

130 Johnstone, H. F., and Kleinsehmidt, R. V., 
Trans. Am. Inst. Chem. Engrs., 34, 1S1-9S 
(1938). 

131 Johnstone, H. F., and Singh, A. D., Univ. 
Illinois , Eng. Expt. Sta., Bull. 324 (1940), 140 

pp. 

132 Johnstone, H. F., and Singh, A. IX, Ind. 
Eng. Chem., 29, 286-97 (1937). 

133 Johnstone, H. F., Power Plant Eng., 42, 
538-9 (1938). 
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the sulfur dioxide is converted to insoluble 
zinc sulfite. The zinc sulfite is filtered 
from the absorbing solution; the solvent is 
returned to the scrubber; and the zinc sul- 
fite is dried and calcined to yield sulfur 
dioxide, water vapor, and zinc oxide. 

Imperial Chemical Industries, Ltd., has 
developed a process for the removal of sul- 
fur dioxide from flue gases by scrubbing 
them with lime slurry. 134 This process is 
in use at the Fulham Station in London 
and at the Tir John Station in Swansea, 
Wales. The development of this process, 
the success of which depends upon the cir- 
culation of large quantities of a slurry of 
calcium sulfite and calcium sulfate crystals 
to prevent crystallization on the scrubber 
surfaces, has been described by Lessing. 135 
The cost of carrying out the process is 
stated to be 53 cents per ton of 1.5 percent 
sulfur coal, of which 21 cents is for lime. 

Two cyclic processes developed in Eu- 
rope for the recovery of sulfur dioxide from 
smelter gases, one using basic aluminum 
sulfate 130 and the other a xylidine- water 
mixture, 137 have been found to be unsuited 
for use with fine gases. 135 

The Behavior of Varieties of Sulfur 
ox Carboxizatiox 

When coal is carbonized a portion of the 
sulfur in the coal is found in the gaseous 
products, another portion in the liquid 
products, and the remainder in the coke; 
the distribution among these products is of 
great commercial importance. 

That the distribution of coal sulfur 
among the products of coal carbonization is 
at least of equal importance to the total 

134 Pearson, J. L., Nonhebel, C. C., and Ulan- 
der, P. H. X., J. Inst. Fuel ', S, 119-56 (1935). 

135 Lessing, R., J. Soc. Chem. Ind 57, 373-88 
(1938). 

138 Applebey. M. P., ibid., 50, 139-46T (1937). 

isr Roesner, G., Metall u . Erz, 34, 5-11 (1937). 

i3S See ref. 129. 


sulfur content of coals to be used for gas 
or coke manufacture is indicated by the 
fact that the maximum sulfur contents per- 
mitted in the A.S.T.M. specifications 139 
for these coals are not stated directly but 
in terms of maximum sulfur contents of the 
coke and gas made from them. These 
specifications are as follow- s for gas coals: 

The composition of gas coal shall be such 
that the dry coke produced therefrom will 
contain not over 1.5 percent of sulfur and 
the resultant gas will contain not more than 
30 grains of sulfur, in the form of compounds 
other than hydrogen sulfide, per 100 cubic 
feet of gas. 

For coking coals: 

If metallurgical coke is to be produced, the 
composition of the coking coal shall be such 
that the dry coke produced therefrom will 
not contain more than 1.0 percent of sulfur 
in the case of foundry coke and 1.3 percent 
of sulfur in the case of blast-furnace coke. If 
gas is to be sold for domestic use, the compo- 
sition of the coking coal shall be such that 
the resultant gas will contain not more than 
30 grains of sulfur in the form of compounds 
other than hydrogen sulfide per 100 cubic feet 
of gas. 

Early investigators considered only the 
total sulfur in this connection. More re- 
cent studies have almost always consid- 
ered this problem from the standpoint of 
the behavior of the individual forms in 
which the sulfur is present in coal. 

Holgate 140 carbonized 22.4-pound 
charges of coal in a small D-shaped gas 
retort and determined the sulfur contents 
of the coal, coke, gas, and tar in terms of 
the original coal and also the combustible 
sulfur in the coke and the sulfur remaining 
in the ash. The results varied widely even 
for coals from the same bed. The sulfur 

139 Am. Soc. Testing Materials Designation 
D166— 24, Am. Soc . Testing Materials Standards , 
1939, Pt. Ill, pp. 9-10. 

140 Holgate, T., J. Gas Lighting, 57, 1124-5 
(1891). 
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passed into the volatile materials amounted 
to 15.63 to 81.60 percent with a mean of 
39.23 percent for the coals, mainly York- 
shire coals, and from 11.98 to 77.46 per- 
cent with a mean of 31.49 percent for 
eleven cannel coals. 

Parr 141 has presented values for volatile, 
fixed, and total sulfur for 150 Illinois coals. 
His results showed that, under the condi- 
tions of the laboratory volatile-matter test 
which he used, 51.5 percent of the total 
sulfur in the coal was discharged in the 
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sulfur content remaining practically con- 
stant. The ratio of pyritie sulfur to total 
sulfur ranged from 0.1477 to 0.6214. On 
carbonization the ratio of sulfur in the coke 
as calculated back to the original coal basis 
to the sulfur content of the original coal 
ranged from 0.477 to 0.581. Campbell 145 
stated that most of the coal sulfur was 
present as pvrite and that 42 percent of 
this was volatilized during carbonization, 
the remainder (58 percent) existing in the 
coke as pyrrhotite. Powell 146 studied the 



Fraction of Coal Sulfur Remaining in Coke 
Pig. 1 . Frequency distribution of the fraction of coal sulfur remaining in coke.* 42 


volatile matter. The ratios of fixed to 
volatile sulfur calculated from Parr’s orig- 
inal data ranged from 0.16 to 0.96, the 
majority of the ratios falling in the range 
0.378 to 0.592 and averaging 0.485. The 
frequency distribution of the values, plot- 
ted by Thiessen, 142 is shown in Fig. 1. 

Fulton 143 ascribed the variations in the 
proportions of the sulfur expelled from 
different coals as due to the different rela- 
tive percentages of the sulfur forms present. 

McCallum 144 separated a coal into dif- 
ferent fractions by specific-gravity meth- 
ods, and thereby secured samples of the 
same coal having increasing ratios of py- 
ritic to organic sulfur with the organic 

141 Parr, S. W., Univ. Illinois , Bull. I, No. 20 
(1904), 40 pp. 

142 Tbiessen, G., Ind. Eng. Chem ., 27, 473-8 
(1935). 

143 Fulton, J., Treatise on Coke, International 
Textbook Co., Scranton, Pa., 1905, pp. 38-40. 

144 McCallum, A. L., Chem. Engr 11, 27-8 
(1910) ; Can. Mining J ., 30, 531-2 (1909). 


behavior of the different forms of coal sul- 
fur during carbonization. He concluded 
that pvrite and marcasite decomposed to 
ferrous sulfide, pyrrhotite, and hydrogen 
sulfide, the reaction beginning at 300 s C, 
reaching a maximum between 400 and 
500° C, and being complete at 600 s C; that 
sulfates were reduced to sulfides, xhe reac- 
tion being complete at 500 s C; that part 
of the organic sulfur is volatilized as hydro- 
gen sulfide, one-fourth to one-third, at most 
one-half, of the organic sulfur reacting this 
way; that part of the organic sulfur formed 
volatile organic sulfur compounds, espe- 
cially during the lower temperatures of 
the coking process; that part of the organic 
sulfur formed complexes with carbon be- 
tween 400 and 500 s C which show none of 
the properties of the original coal sulfur; 

145 Campbell, J. R., Trans. Am. Inst . Mining 
Engrs.f 54, 181-4 (1916). 

146 Powell, A. R., J. Ind. Eng. Chem. s 12, 
1069-77 (1920), 13, 33-5 (1921). 
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and that, finally, a portion of the ferrous 
sulfide formed from the pyrite reacts with 
carbon. Sperr 147 stated that high-tem- 
perature cokes from coals containing from 
0.5 to 3 percent sulfur have sulfur contents 
that average about SO percent of the sulfur 
content of the coal. These values for sulfur 
in the contents of the coke calculated to a 
coal basis would correspond to about half 
the sulfur in the original coal. Thiessen 142 
found that, in cokes prepared by the Stand- 
ard A.S.T.M. volatile-matter test from 82 
samples including 55 mine face samples and 
17 samples of banded coal components, the 
sulfur in the coke was 83 percent of the 
sulfur in the coal, and that the sulfur in 
the coke, calculated back to the original 
coal basis, was 51.9 percent of the sulfur 
in the coal. The relationship between the 
sulfur in the coke and the pvritic and or- 
ganic sulfur contents of the original coal 
was found to be S coke = 0.62 S p -f 0.45 S 0 . 

Bone and Himus 14S reported that a 
South Australian brown coal which con- 
tained 4.S percent total sulfur and 3.3 per- 
cent organic sulfur yielded over 30 percent 
of the sulfur as xnercaptans on carboniza- 
tion at temperatures over 400 s C. At 
700° C, 1S.9 percent of the sulfur was 
found as hydrogen sulfide, 30.4 percent as 
mereaptans, 3.9 percent as tar, and 46.8 
percent in the residue. Foerster and Geiss- 
ler 149 came to different conclusions from 
those of Powell, finding that, on carboni- 
zation of a bituminous coal at 500 s C and 
at 1,000 s C, only half of the pyrite and 
sulfate were decomposed at 500 c C, the 
greater part of the sulfur which was vola- 
tilized came from the inorganic compounds, 

14" Sperr, F. W., Jr.. Proc. 2nd Intern . Conf. 
Bituminous Coal, 2, 37-60 (192S). 

148 Bone, W. A., and Himus, G. W., Coal: Its 
Constitution and Uses, Longmans, Green & Co., 
London, 1936, p. 159. 

143 Foerster, F., and Geissler, W., Z. angew. 
Chem 35, 193-8 (1922). 


and the organic sulfur content was prac- 
tically unchanged. On carbonization of 
brown coals high in organic sulfur, 70 per- 
cent of the total sulfur was expelled as 
hydrogen sulfide, most of which must have 
come from organic compounds. Ditz and 
Wildner 150 tended to support Powell when 
they found for Arsa coal containing be- 
tween 8 and 9 percent of sulfur, 96 percent 
of which was organic, that only half of the 
original sulfur remained in the coke. 

Aronov 151 found that at fourteen coke 
plants the average distribution of sulfur on 
commercial carbonization was 66.9 percent 
in the coke, 19.9 percent in the gas as 
hydrogen sulfide, 0.85 percent in the gas 
as organic sulfur compounds, 1.95 percent 
in the tar, 0.79 percent in the aqueous 
liquor, and 10.4 percent unaccounted for. 
Woolhouse, 152 using coals of differing sul- 
fur contents, found that pyritic sulfur is 
decomposed completely at 600° C to fer- 
rous sulfide and hydrogen sulfide, that the 
organic sulfur yielded hydrogen sulfide and 
volatile sulfur compounds found in the tar, 
and that this decomposition was also com- 
plete at 600° C. He stated that the sulfur 
is retained by the coke because of the 
stability of the ferrous sulfide and the car- 
bon-sulfur complex and its inertness to 
hydrogen at high temperatures. Lissner 
and Nemes, 153 studying the distribution of 
sulfur in various fractions obtained when 
coal is carbonized in an atmosphere of 
nitrogen and steam or with steam alone at 
temperatures from 200 to 560° C, found 
that the organic sulfur occurs in four forms. 
Between 100 and 300° C, sulfur is evolved 
from phenolic sulfur groups and probably 

iso Ditz, H., and Wildner, H., Brennstoff- 
Chem., 5, 149-53 (1924). 

151 Aronov, S. G., Khim. Tverdogo Topliva, 2, 
No. 1, 52-61 (1931). 

152 Woolkouse, T. G., Fuel, 14, 259-64, 286-95 

(1935). 

153 Lissner, A., and Nemes, A., JBrennstoff* 
Chem., 16, 101-7 (1935). 
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from =C — SH or sCSSC= groups con- 
taining nitrogen. Superheated steam hy- 
drolyzes sulfide sulfur at 380° C and retards 
the formation of new organic sulfur com- 
pounds with the evolution of inorganic 
sulfur. With the start of tar evolution, 
hydrogen sulfide appears, the reaction fa- 
vored by superheated steam and coming 
from =CHSH and =CHSCH= groups. 
Part of the organic sulfur remaining in the 
semicoke is oxidizable by nitric acid, and 
the remainder can be removed only by re- 
duction processes at high temperatures. 
Wibaut and Stoffel 154 found that from 50 
to 60 percent of the organic sulfur in the 
coal is retained in the coke. Wibaut 155 
concluded that part of the organic sulfur 
remaining in the coke was present in solid 
solution or held physically by adsorption 
and that the remainder of the sulfur was 
retained in chemical combination although 
it was impossible to isolate such chemical 
compounds. Wibaut 156 further found that 
some of the sulfur still retained in coke at 
1,000° C could be removed ,at 600° C by 
treatment with hydrogen. Armstrong and 
Himus 5 concluded from the carbonization 
of high-sulfur bituminous coals that elimi- 
nation of sulfur under ordinary conditions 
almost ceases above 700° C, that pyrite is 
decomposed at low temperatures, that sul- 
fate sulfur is decomposed at low tempera- 
tures, that the removal of organic sulfur 
follows the removal of total sulfur, and 
that a reduction in pressure during car- 
bonization tends toward retention of sulfur 
in the coke, particularly at high tempera- 
tures. Lowry, Landau, and Naugle, 157 in 

154 Wibaut, J- P-, and Stoffel, A., Rec. trav. 
chim., 38, 132-58 (1919). 

155 Wibaut, J. P., Proc. 3rd Intern . Con/. Bi- 
tuminous Coal , 1, 657-73 (1931). 

156 Wibaut, J. P., Z. anorg. allgem . Chem ., 311, 
398-400 (1933). 

isr Lowry, H. H., Landau, H. G., and Naugle, 
L. L., Trans . Am. Inst. Mining Met. Engrs 149, 
297-330 (1942). 


making a statistical study of the results of 
the U. S. Bureau of Mines-American Gas 
Association Carbonization Assay Tests, 
found that the data indicated that the sul- 
fur in the dry, ash-free coke was equal to 
85 percent of the organic sulfur of the coal 
plus 86 percent of the pyritic sulfur with 
a probable error of plus or minus Q.06S 
percent, the range of values included being 
as follows: 

Sulfur in the coal 0.47 to 4.00 

Organic sulfur in the coal 0.32 to 3.63 

Pyritic sulfur in the coal 0.01 to 2.00 

Sulfur in the coke 0.4 to 3.6 

Because the coefficients for the organic and 
pyritic sulfur were nearly equal and since 
these data are not always available, and, 
further, since the correlation coefficient be- 
tween the sulfur in the coke on a dry basis, 
S b , and the total sulfur in the coal as car- 
bonized, S t , was so high (0.93), they pre- 
ferred the following simpler relationship, 
S k = 0.084 -f 0.759 S t . The probable error 
in this equation was plus or minus 0.065 
percent on the dry basis. 

Bruckner 158 reported that, for brown 
coals, usually more than half of the sulfur 
was lost on carbonization, mainly as hydro- 
gen sulfide, and that this loss took place 
at a lower temperature than for bitumi- 
nous coals. 

The atmosphere present during the car- 
bonization of a coal has a very great in- 
fluence upon the proportions of sulfur 
volatilized and remaining in the coke. In 
general, hydrogen and hydrogen-containing 
gases tend to increase the amount of sulfur 
evolved. Snow, 159 for example, found that 
the effectiveness of removal of sulfur at 
1,000° C- was in the following order: 

15S Bruckner, H., BraunkoTile , 27, S91— 3 

(1928). 

159 Snow, K. D., Ind. Eng. Chem., 24, 903—9 
(1932). 
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Nitrogen 
Carbon dioxide 
Carbon monoxide 
Methane and ethane 


50 to 60 percent 


Water gas 76 percent 

Anhydrous ammonia 82 percent 
Hydrogen 87 percent 

An instantaneous carbonization in hydro- 
gen gave a removal of 59 percent of the 
sulfur, 

Mangelsdorf and Broughton 160 found 
that the order of removal increased in the 
order: carbon monoxide, illuminating gas, 
steam, hydrogen, and water gas, and com- 
mented that their results differ from those 
of Snow possibly because of the difference 
in coal. The matter of atmosphere during 
carbonization is of primary interest in 
problems concerning the removal of sulfur 
from coke. 


Production of Low-Sulfur-Content 
Coke 

It is highly desirable and frequently held 
essential that the sulfur content of coke 
used for iron blast-furnace operation be 
low. The A.S.T.M. Specification for Cok- 
ing Coal 139 states that the composition of 
the coking coal shall be such that the dry 
foundry coke produced therefrom shall not 
contain more than 1.0 percent sulfur and 
dry blast-furnace coke not more than 1.3 
percent sulfur. 

This desire for low-sulfur-content coke 
has led, first, to the selection of low-sulfur- 
content coking coals and, second, to the 
use of cleaned coal. Because the manu- 
facture of blast-furnace coke is one of the 
major uses for coal and because the quan- 
tities of low-sulfur eqal are limited, there 
is a considerable incentive to utilize the 
higher-sulfur coals. The application of 

leo Mangelsdorf, T. A., and Broughton, F. P., 
ibid., 24, 1136-7 (1932). 


coal-cleaning methods to coals susceptible 
of having their sulfur contents reduced has 
been of great commercial importance as is 
well known. There are limits, however, 
to the reduction in sulfur content which 
can be achieved by these methods. Or- 
ganic sulfur is not removed by coal-clean- 
ing processes. 

Much attention has, therefore, been 
given to the possible production of low- 
sulfur-content coke by causing a greater 
evolution of the sulfur in the volatile mat- 
ter during coking and elimination of some 
or all of the residual sulfur in the coke 
by treatment of the finished coke, usually 
while still hot. Such investigations go 
back as far as the 1850’s. Investigations 
along this - line have led to few, if any, 
practical results. The various methods 
used have been reviewed by Gluud and 
Jacobson, 102 Simmersbach, 161 Muhlert, 22 
and Powell and Thompson. 162 The proc- 
esses for the desulfurization of coke have 
included the addition of compounds to the 
coal before coking, the treatment of the 
hot coke by the passage of various gases 
through it, and the treatment of the coke 
either hot or cold with liquid reagents. 

Compounds •which have been tried as 
additives to the coal include salt, oxidiz- 
ing agents, sodium carbonate, lime, and 
limestone. The salt and the oxidizing 
agents were supposed to volatilize in- 
creased quantities of sulfur, the alkaline 
materials to bind the sulfur in the form 
of sulfides to facilitate its absorption by 
blast-furnace slag. These processes have 
not achieved commercial success. 

Practically all the inexpensive and 
readily available gases have been tried as 
media for treating the hot coke, including 

lei Simmersbach, O., and Schneider, G., Kohs - 
chemie , Julius Springer, Berlin, 3rd ed., 1930, 
pp. 177-86. 

162 Po'well, A. R., and Thompson, J. H., Car- 
negie Inst. Tech ., Coop . Bull. 7, 3-13 (1923). 
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steam, air, nitrogen, carbon dioxide, carbon 
monoxide, hydrogen, methane, chlorine, 
coke-oven gas, and producer gas. All have 
some desulfurizing action, but hydrogen 
and the gases rich in hydrogen seem to 
be most effective. Powell 163 concluded, 
on the basis of laboratory-scale tests, that 
“The effect of hydrogen on the removal of 
sulfur from coke is very noticeable, in most 
cases the majority of the sulfur being re- 
moved during a period of three hours at 
1,000° C. With the exception of the de- 
crease in sulfur content, the character of 
the coke does not seem to be affected by 
the passage of hydrogen.” Gases such as 
air, carbon dioxide, and steam consume ap- 
preciable quantities of coke by combustion 
and are for that reason impractical. 

Some efforts have been made to reduce 
the sulfur content of coke during dry 
quenching. The addition of compounds to 
the coal which would catalytically aid the 
removal of the sulfur from the hot coke 
by gases has not proved effective since in 
all probability the coal already carries a 
sufficient amount of such compounds. The 
more recent work along this line merely 
substantiates the older indications without, 
however, bringing the problem any closer 
to commercial solutions. 159 * 16 °- 164 Some 
desulfurization of the above type does 
normally take place in a coke oven as the 
gases pass from the coking zone through 
the hot coke already formed on their way 
out of the oven. 

Washing coke with hydrochloric acid has 
been tried with little, if any, resultant sul- 
fur reduction. Additives intended to con- 
vert more of the sulfur to acid-soluble 
forms have also been ineffective. It ap- 

163 Powell, A. R., J. Ind . Eng. Chew 12, 
1077-81 (1920). 

164 Griinert, E., J. prakt. Chem. 3 N. S. 122, 
1-120 (1929). Kuznetzov, M. I„ Khim. Tver - 
dogo Topliva , 1, No. 2, 45—6 (1930). 


pears that little, if any, desulfurization 
takes place as a result of the action of 
water or steam during quenching. 

Treatment of the coke to reduce its sul- 
fur content is not practical because of the 
additional equipment and the relatively 
long time of treatment required, and, in 
the treatments with gases, the large vol- 
umes of hot gases which must be bandied. 
Cleaning processes which reduce the sulfur 
content of the coal before it is coked not 
only make possible the production of coke 
of lower sulfur content but also at the 
same time reduce the ash content of the 
coal and, of course, of the coke also. This 
decrease in ash content can bring about a 
further decrease in coke and limestone used 
in the blast furnace in addition to that 
brought about by the lowering of the sulfur 
content. It is probable that some of the 
increase in efficiency and output of blast 
furnaces attributed to the lower sulfur con- 
tent of coke from washed coal may actually 
be due to the accompanying lower ash con- 
tent. 

There is reason to believe that the im- 
portance of the sulfur content of blast-fur- 
nace coke is often overestimated. Small 
differences in the acid-base ratio in the 
blast-furnace slag may greatly influence 
the amount of sulfur finally left in the pig 
iron, the range in variation being greater 
than that brought about by considerable 
differences in the sulfur content of the coke. 

Simmersbach 165 calculated that, in a 
blast furnace making 100 tons of pig iron 
per day and using therefor 120 tons of 
coke per day, an additional 4.2 tons of 
limestone is required to remove the sulfur 
introduced by each 1 percent of sulfur in 
the coke and that this limestone necessi- 
tates the use of an additional 1.30S tons 
of coke. 


165 See pp. 17A-5 of ref. 161. 



CHAPTER 13 


THE OCCURRENCE OF NITROGEN IN COAL 
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Nitrogen is present in all fossil fuels. 
Its presence is not fortuitous since no com- 
pletely nitrogen-free coal has yet been 
found. The nitrogen in coal has the dis- 
tinction of being the only element present 
which is exclusively attached in organic 
combination . x 

The available evidence concerning the 
occurrence of nitrogen in solid fuels has 
been obtained in connection with studies 
involving the origin of coal, the extraction 
of solid fuels with mineral acids, and the 
degradation products resulting from ther- 
mal or chemical treatment of solid fuels. 
(For previous summaries dealing with 
knowledge of nitrogen in coal see references 
2 and 3.) The amount, of nitrogen con- 
tained in ash- and moisture-free fuels of 
increasing rank is given in Table I. 2 

TABLE I 

Nitrogen Content of Solid Fuels 2 



Nitrogen 


percent 

Peat 

0.7-3. 4 

Brown coal 

0.4-2. 5 

Bituminous coal 

0.6-2.S 

Anthracite 

0.2-1. 5 


1 Seimster, F. } Gas- u. Wasserfach, 73, 549-51 
(1930). 

2 Muhlert, F., Der Kohlenstickstoff, Wilhelm 
Knapp, Halle, 1934, p. 1. 


It is observed that the figures for each 
fuel type cover a considerable range. In 
general, the nitrogen content of bituminous 
coals is higher than that of brown coals. 
Bituminous coals contain one to two nitro- 
gen atoms for each hundred atoms of car- 
bon + hydrogen + oxygen. No regularities 
can be found in the nitrogen content of 
fuels of the same type, whether arranged 
in order of age or of occurrence. Al- 
though the composition of the coal sub- 
stance, as regards its carbon, hydrogen, and 
oxygen content, often varies over wide 
limits, it varies still more for nitrogen. 
These deviations occur not only in coals 
from a definite region or in coals of a cer- 
tain age, but often also in coals taken from 
a single field, seam, or even cross section. 
Thus, the observed deviations in the ele- 
mentary composition of coals taken from 
the same shaft and seam are given in Table 
II and expressed as percentages of the 
total amount of each element present. 3 
Samples taken from adjacent positions in 
a seam may show deviations in their nitro- 
gen content as high as 20 percent. 

A possible explanation for these devia- 
tions in the nitrogen content of adjacent 
samples is found in the analysis of the 
individual morphological constituents. 

3 Bertelsmann, W., F. B . Ahrens 3 Samml. 
Chem. u. chem.-tech. Vortrage , 9, 329-414 (1904). 
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TABLE II formation are now, with few exceptions, 


Deviations in Carbon, Hydrogen, and Ni- 
trogen Content of Coals Taken from Same 
Seam and Shaft 3 

Deviations for Carbon Hydrogen Nitrogen 
percent percent percent 
Minimum 0.5 7.0 21.0 

Maximum 6.0 24.0 60.0 

Average 3.7 13.0 40.5 

Thus, the vitrain, which is usually the 
main constituent of bituminous coal and 
which has a humic origin, durain, which 
has a sapropelic origin, and fusain com- 
ponents of banded coals contain the per- 
centages of nitrogen shown in Table III. 4 

TABLE III 

Nitrogen Content of Morphological Con- 
stituents of Coal 4 


Ruhr Coal 


Nitrogen in 

'a 

B 

c‘ 

English Coal 


per- 

per- 

per- 

per- 


cent 

cent 

cent 

cent 

Vitrain 

1.95 

1.91 

2.02 

1.29 

Durain 

1.57 

1.41 

1.70 

1.03 

Fusain 

0.60 

0.66 

0.63 

0.95 


A second possible explanation for these 
deviations is the general uncertainty of 
the determination of nitrogen in coal 
whether performed by the Kjeldahl or 
Dumas methods. 5 

The Origin of Nitrogen in Solid Fuels 

It is generally agreed that the nitrogen 
present in coals has come from plant pro- 
teins or animal proteins, or both, which 
were laid down in earlier eras of the earth. 
The plants which were concerned with coal 

4 Fuchs, W., Die Chemie der Kohle, Julius 
Springer, Berlin, 1931, p. 288. 

5 For a discussion of the difficulties involved 
in the determination of nitrogen in coal and coke 
see Kirner, W. R., Ind. Eng. Chem., Anal. Ed., 7, 
294—9 (1935). 


extinct. It is probably reasonable to as- 
sume that the composition of these early 
plants did not greatly diner, chemically, 
from those of the present and that the 
products of the decomposition of these 
early plants would resemble those being 
formed today. The nitrogen present in 
solid fuels could not have come solely from 
wood, since the following figures, based on 
dry samples, indicate that the nitrogen 
content of present-da}’ woods is, in gen- 
eral, of a lower order of magnitude than 
found in coals: 6 beech, 0.09; birch, 0.10; 
fir, 0.05; spruce, 0.04 percent nitrogen, re- 
spectively. However, it must be remem- 
bered that highly organized plants contain 
much less nitrogen than the more lowly 
organized plants. Bacteria contain up to 
13 percent, algae 3.2 to 4.8 percent, leaf 
moss 2.4 to 3.2 percent, ferns 1.6 to 2.4 
percent (0.38 percent in the stems, 1.85 
percent in the leaves which bear the re- 
productive organs, 0.72 percent in with- 
ered leaves of previous years, and 1.7S per- 
cent in fern humus), shave grass 1.6 to 2.4 
percent, and typical swamp plants about 
1.6 percent nitrogen. 7 

Since coals contain 10 to 30 times the 
amount of nitrogen which is present in 
wood one must look for other sources un- 
less, as seems likely, s this nitrogen can be 
converted into an inert form which permits 
it to accumulate. The plant proteins, con- 
taining 15 to 19 percent nitrogen, are 
easily attacked by enzymes and converted 
into amino acids, which, being water sol- 
uble, would possibly be partially washed 
away at the point of their formation or 

6 Gottlieb, E., J. prakt . Chem., (2) 2S, 3S5- 
421 (18S3). 

7 See p. 4 of ref. 2. 

s Stadnikoff, G., (a) Die Chemie der Kohlen, 
Ferdinand Enke, Stuttgart, 1931, pp. 30-1; (5) 
Die Enstehung von Kohle und Erdol, Ferdinand 
Enke, Stuttgart, 1930, p. 43. 
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might be attacked by micro-organisms 
and converted into ammonia, elementary 
nitrogen, and simpler, nitrogen-free or- 
ganic compounds. However, part of these 
amino acids could react with the aldehyde 
or hydroxyl groups of carbohydrates, 
which might be formed simultaneously dur- 
ing the decomposition of the plant sub- 
stance, since monoses, as such, are always 
present in plant organisms and can be 
formed readily from polysaccharides, pec- 
tins, and cellulose by decomposition of the 
plant remains. 3 Thus : 


process but sometimes increases. However, 
even with this hypothesis it appears that 
the nitrogen content of the plant substance 
is still insufficient to explain fully the nitro- 
gen content of coals. The plant substance 
can supply, at most, only one-tenth to one- 
thirtieth of the coal nitrogen and so is of 
minor importance as a source of nitrogen. 
Some substance high in nitrogen must have 
been present in the original material from 
which coal was formed, and this substance 
was obviously protein. Terres 10 was able 
to prepare artificial brown coals containing 


r_C==0 + H 2 N — CH 2 — C=0 • -> R — C=N — CH 2 — C=0 + H 2 0 (1) 

H OH H OH 

H 

R— CH 2 --OH + H-~N — CHo — C=0 

i 

OH 


R— CH. 

H > 

o=c— ch 2 


OH 

Such reactions can lead to the formation 
of complex condensation products, reac- 
tion 1, with high molecular weights and 
colloidal properties (so-called melanoids re- 
sembling natural humic acids), or to hetero- 
cyclic compounds, reaction 2. Maillard 
also showed that heating these melanoids 
resulted in their decomposition with the 
formation of heterocyclic nitrogen com- 
pounds. It is possible, by this mechanism, 
to account for the fact that in an accu- 
mulation of plant organisms and their 
transformation products, for example in 
a peat bed, the nitrogen content does not 
decrease with progress in the turfication 

9 Maillard,, L. C,, Compt. rend., 154, 66-8 
(1912), 155, 1554-6 (1912), 157, 850-2 (1913). 


lx— CHo 

v T — H + H 2 0 (2) 

0=6— c 

4.16 percent nitrogen (dry, ash-free) by 
pressure-heating peat sludge made by the 
fermentation of peat moss which contained 
1.73 percent nitrogen (ash-free). The in- 
crease in nitrogen was due to the protein 
substance added by micro-organisms. 
Terres believed that browm coal is the final 
product resulting from the coalification of 
starting material consisting entirely of plant 
substance. However, when Terres fer- 
mented and artificially coalified protein 
material (beer yeast or egg white) he 
obtained a heavy distillable oil resembling 
crude petroleum which contained about 
5 per cent nitrogen and a nonvolatile bitu- 

io Terres, E., Proc. 3rd Intern. Conf. Bitumi- 
nous Coal, 2, 797-808 (1931). 
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men containing over 6 percent nitrogen. 
Terres claimed that the sludge formed 
from protein putrefaction is the essential 
material from which coal bitumens are 
formed and that for the formation of bitu- 
minous coals it is necessary to have protein 
material present along with the lignin, cel- 
lulose, waxes, and resins which come from 
the plant substance. This view explains 
the fact that bituminous coals generally 
contain more nitrogen than, brown coals. 

Animal remains, doubtlessly mixed with 
large amounts of plant remains, can also 
furnish proteins which may be responsible 
for the major part of the nitrogen in coals. 11 
This has been offered as an explanation for 
the large variations in the nitrogen content 
of coal samples taken from adjacent posi- 
tions in a seam. However, it has been 
shown 12 that the protein of animal organ- 
isms, during decomposition under natural 
conditions, vanishes completely. Stadnikoff 
claimed that, since the animal organism 
contains no appreciable amounts of carbo- 
hydrates, the amino acids, formed during 
the hydrolysis of the animal proteins, 
could not react to form the complex nitro- 
gen-containing condensation products sug- 
gested by Maillard and so the nitrogen is 
completely removed. However, Stadnikoff 
apparently completely overlooked the fact 
that if the animal remains were laid down 
in the presence of large amounts of plant 
remains all the conditions would be suit- 
able for the formation of resistant nitrogen- 
containing complexes which could be re- 
tained in the coal. 

The amount of nitrogen present in the 
organic (animal or vegetable) remains is 
probably not nearly as important as the 

11 See p. 342 of ref. 3. 

12 See pp. 16-7 of ref. 85. Gregory, W., Ann., 
61, 362-4 (1847) ; Wetherill, C. M., Jahresber. 
Fortschr. Chem. verwandte Theile wiss., p. 517 
(1855) ; J. prakt. Ghent., 6S, 26-35 (1856) ; 
Ebert, R., Ber 8, 775 (1875). 


ability of this nitrogen to be retained over 
geological periods of time. A low reten- 
tivity would lead to its complete disap- 
pearance even if high concentrations were 
originally present. On the other hand, a 
high retentivity could lead to an increase 
in the nitrogen content over a long period 
of time even though very small concentra- 
tions were originally present. Such a the- 
ory explains the increasing nitrogen con- 
tent of peat deposits at increasing depths. 
For example, the data given in Table IV 13 
indicate this increase in nitrogen content. 

TABLE IV 

Nitrogen Content of Carex Peat with In- 
creasing Turfication 13 

Depth, meters 0.5 1.5 3.5 5.5 7.5 9.5 11.5 

Nitrogen, per- 
cent 2.35 2.39 2.40 2.5S 3.05 2.S4 2.69 

In considering these figures one must bear 
in mind what has already been said con- 
cerning the strong variations in the nitro- 
gen content of samples taken from ad- 
jacent locations. 

Another possible source of nitrogen in 
coals is found in the plant alkaloids. 14 
These compounds contain their nitrogen in 
a cyclic structure and are sufficiently stable 
to pass through the coalification process 
without appreciable loss of nitrogen. It 
has been found 15 that chlorophyll, the 
green plant coloring matter, can be re- 
tained for a long time in a medium of 
natural fatty acids and their polymeriza- 
tion products (Coorongit). Chlorophyll, 
being a complex pyrrole derivative, is 
therefore another substance which can add 
stable heterocyclic nitrogen-containing mol- 
ecules to coal. Chlorophyll and other por- 

13 Zailer, V., and Wilck, L., Z. Moorkuliur u. 
Torjverwet 9, 153-68 (1911). 

14 Thiessen, R., Trans. Am. Inst. Mining Met. 
Engrs 71, 214 (1925). See p. 245 of ref. 85. 

is See pp. 79-80 of ref. 8a. 
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phyrins have been detected in coals, 16 
which indicates that substances of this type 
are able to resist decomposition during the 
coalification process and that temperatures 
of about 200 s C could not have been ex- 
ceeded during such processes or these com- 
pounds would have been decomposed. 

Resistant protein materials such as chitin 
(present in the coatings of bacteria, in fun- 
gus cells and micelles, crustaceans, insects, 
etc.) can also add their nitrogen to coals. 17 
Most of the nitrogen present in humus is 
believed to be in the form ox true protein 
with a different distribution of amino acids, 
however, from that in plant and animal 
proteins. ls When proteins are introduced 
into soil they are attacked by a great 
number of micro-organisms and their en- 
zymes and are changed into peptides, 
amino acids, and finally to ammonia. The 
ammonia is either oxidized to nitrate or is 
assimilated by the micro-organisms and 
changed into microbial protein. The mi- 
crobial cell substance contains 3 to 10 per- 
cent nitrogen. The protein of humus is 
partly of plant and partly of microbial 
origin, depending on the extent of the de- 
composition of the plant residues. The 
nitrogen content of plant residues is be- 
tween 0.32 and 2.4 percent: that of humus 
is 1.3 to 5.6 percent, which shows that a 
considerable enrichment of protein in the 
residual organic matter takes place as a 
result of the decomposition process. The 
major source of the protein in humus, ac- 
cording to Waksman, is due to the micro- 
bial synthesis of nitrogenous substances. 

The nitrogen present in humus is not 
present as free protein or it would be rap- 

leTreibs, A., Ann., 509, 103-14 (1934), 510, 
42—62 (1934), 517, 172-96 (1935). 

it Keppeler, G., and Hoffmann, H., Brennstoff- 
Chem., 14, 41-7 (1933). 

is Waksman, S., Humus: Origin , Chemical 
Composition and Importance in Sature, Williams 
and Wilkins Co., Baltimore, 1936, p. 97. 


idly decomposed by micro-organisms. Pos- 
sibly these nitrogen-containing complexes 
are closely bound to nonnitrogenous com- 
plexes of high carbon content, for instance, 
lignin, which makes them resistant to at- 
tack by micro-organisms. 

The Nitrogen in Humic Acids 

Humic acids have long been recognized 
as constituents of the lower-rank coals. 
Nitrogen is also always associated with the 
natural humic acids. 

The following is a typical analysis for 
humic acids prepared from Niederlausitzer 
humic coal: 19 carbon, 60.50; hydrogen, 
3.34; nitrogen, 2.03; sulfur, 1.44; ash, 1.96 
percent, respectively. Many investigators 
have looked upon this nitrogen as merely 
an impurity, largely present in the form 
of ammonia, presumably as a salt or else 
firmly adsorbed. This nitrogen, however, 
is very difficult to remove. By repeated 
solution and reprecipitation of humic acids, 
from peat and from soil, it w 7 as possible to 
reduce the nitrogen content from 2.5 to 0.7 
percent, but no further. 20 By extraction, 
the nitrogen content of a humic acid w 7 as 
reduced to 0.18 percent. 21 The prepara- 
tion of a nitrogen-free humic acid has been 
reported, using electro-osmosis, 22 but oxi- 
dative reactions are by no means excluded 
in such a purification process. 23 In humus, 
only 2 percent of the nitrogen is removed 
by heating with calcium hydroxide and 
5 percent by heating with potassium hy- 
droxide. This sort of stability is not gen- 
erally associated with ammonium salts or 

19 Eller, W., and Selioppacli, A., Brennstoff- 
C?iem. 3 7, 17-20 (1926). 

20 Od6n, S., Eolloidchem . Beihefte > 11, 75-260 
(1919) ; see also p. 19 of ref. 18. 

2 1 Detmer, W., Landw. Vers.-Sta 14, 248-300 
(1871). 

22 Biesalsky, E., and Berger, W., Braunkohle, 
23, 197-201 (1924). 

23 See p. 193 of ref. 4. 
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with compounds containing adsorbed am- 
monia. 24 

More and more evidence has been ac- 
cumulating that the nitrogen content of 
humic acids is mainly ascribable to the 
presence of proteins associated with them. 
It is also possible that some of the nitro- 
gen in the humic acids may be bound 
cyclically. When humic acids are treated 
with ammonium hydroxide, the ammonia is 
bound in two ways: (1) easily removable 
by alkali and (2) nonremovable by alkali. 25 . 
The nitrogen in the second form makes up 
45 to 60 percent of the total nitrogen pres- 
ent; it is considered to be bound cyclically 
in the humic acid molecule, possibly the 
nitrogen having replaced a heterocyclic 
oxygen atom. Nitrogen bound in this way 
would be extremely difficult to remove from 
a complex molecule. 

One to five percent nitrogen can be 
added to artificial cellulose coals by carry- 
ing out the pressure coalification in the 
presence of ammonia. 26 The nitrogen thus 
added must be bound in a manner similar 
to that in which it is linked in natural 
coals since this nitrogen is not removed by 
treatment with hydrochloric acid and, when 
the artificial nitrogen-containing coal is 
coked, 60 to 90 percent of the nitrogen 
remains in the coke. 

Lignoprotein complexes prepared from 
alkaline solutions of lignin and proteins 
have been compared with humic acids and 
found similar in most respects. 27 It is sug- 
gested that the reaction between the lignin 
and protein molecules involves the amino 
groups of the protein and the carboxyl, 
hydroxyl, carbonyl, and methoxyl groups 

24 See p. 141 of ref. 18. 

25 Fuchs, W., and Leopold, H., Brennstoff- 
Chem 8, 73-7 (1927). 

26 Berl, E., Angew. Ghent., 45, 517 (1932). 
Proc. Srd Intern . Conf. Bituminous Goal 3 2, 820- 
33 (1931). 

27 See pp. 188-90 of ref. 18. 


of the lignin, forming complexes of high 
stability. 

Even though the nitrogen content of 
plants which were concerned in coal for- 
mation is not sufficiently high to explain 
directly the nitrogen content of solid fuels, 
it is possible to account for the amount of 
such nitrogen on the basis of its conversion 
by reaction with carbohydrates or lignin 
into complex compounds, melanoids or 
heterocyclic compounds, which are suffi- 
ciently inert to be able to withstand de- 
composition and thus to have the percent- 
age of nitrogen actually increase. Other 
resistant compounds include plant alka- 
loids, porphyrins, and chitin. Also, an in- 
crease in nitrogen can be explained by mi- 
crobial synthesis of nitrogen compounds 
during the coalification process. It would 
appear that the types of nitrogen-contain- 
ing organic compounds which could resist 
such decomposition would have the nitro- 
gen atoms present in heterocyclic linkages 
or in a complex molecule in which the 
nitrogen atoms are protected by the mere 
complexity of the molecule. 

Extraction of Solid Fuels with 
Mineral Acids 

More direct evidence of the existence of 
proteins in young fossil fuels has been ob- 
tained by extraction methods. Thus, by 
extraction of soil humus, humic acid prepa- 
rations, and peat the following substances 
have been isolated: 28 

1. Proteins , proteoses , and peptones. 

2. Amino acids. 

(a) Alanine. 

( b ) Leucine. 

(c) Aspartic acid. 

( d ) Isoleucine. 

(e) Proline. 

(/) Asparaginic acid. 

( g ) Glutamic acid. 

28 See pp. 141-9 of ref. IS. Suzuki, S., Bull. 
Coll. Agr. Tokyo , 7, 513-29 (1907). 
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( k ) Tyrosine. 

({) Histidine. 

(;) Arginine. 

( k ) Lysine. 

3. Amides. 

(a) Urea. 

4. Amines. 

(a) Trimethyl amine. 

( b ) Choline. 

(c) Creatinine. 

5. Purine bases. 

(a) Xanthine. 

(b) Hypoxanthine. 

(c) Adenine. 

(d) Guanine. 

( e ) Cyanurie acid. 

6. Pyrimidine derivatives. 

(a) Cytosine. 

7. Pyridine derivatives. 

(a) a-Pieoline- 7 -carboxylic acid. 

8. Chitin. 

9. Nucleic acids. 

The isolation of these products proves 
quite definitely the protein nature of the 
nitrogen in the younger fossil fuels. A 
Michigan brown peat, containing 2.25 to 
2.75 percent nitrogen in an oven-dried 
state, lost very little of its nitrogen when 
extracted with boiling water. By means 
of dilute (33 percent) mineral acids (hy- 
drochloric or sulfuric acids), at the boiling 
point, 50 to 60 percent of the nitrogen was 
extracted in 30 to 60 hours. By continu- 
ing the process essentially to completion it 
was fina lly possible to extract 68 percent 
of the nitrogen present. 29 The amount of 
nitrogen extracted was a function of the 
strength of the add used, the period of ex- 
traction, and the particle size of the peat. 
By analysis the nitrogen in the extract was 
divided into groups as shown in Table V. 
A weathered brown peat, containing 2.69 
percent nitrogen, gave similar figures ex- 
cept that no diamino acid nitrogen was 
present and the monoamino acid nitrogen 
increased accordingly. Jodidi’s work has 

29 Jodidi, S. L., J. Am. Chem. Soc 32, 396-410 
(1910), 33, 1226-41 (1911), 34, 9^9 (1912). 


TABLE V 

Types and Amounts op Nitrogen Compounds 
in a Peat Extract 29 

Percent Nitrogen 
Extracted Based on 



Total 

Nitrogen Nitrogen 


Present 

Extracted 

Amide nitrogen 

16.02 

26.80 

Monoamino acid nitrogen 

39.05 

65.68 

Diamino acid nitrogen 

2.96 

5.00 

Total 

58.03 

97.48 


been extended to include lignite, subbitu- 
minous, bituminous, and anthracite coals, 
containing, respectively, 0.87, 1.68, 1.44, 
and 1.36 percent nitrogen. 30 The fuels 
were all air dried and extracted for 72 
hours by refluxing with 33 percent sulfuric 
acid. The peat extract was brown, the lig- 
nite extract was straw colored, and all the 
other extracts were colorless. It was found 
that if the subbituminous coal was ground 
to pass a 30-mesh sieve further grinding 
did not increase the yield of extract. The 
results are summarized in Table VI. 

Table VI shows a continuous decrease in 
the quantity of extractable nitrogen in the 
series from peat to anthracite, a large per- 
centage of the total nitrogen of peat being 
extractable and a small percentage from 
anthracite. Likewise the amount of amide 
nitrogen extracted continuously diminishes 
in the series from peat to anthracite, a con- 
siderable proportion of the nitrogen in peat 
being in amide form. There is also a gen- 
eral diminution in the monoamino acid ni- 
trogen in going from peat to anthracite. 
Diamino acid nitrogen is determinable only 
for peat and lignite, apparently being ab- 
sent in the bituminous and anthracite coals. 

These same authors similarly studied the 

30 Shaddock, C. W., and Drakeley, T. J., J. 
Soc. Chem. Ind., 46, 478-81T (1927). 
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TABLE VI 

Types and Amounts of Nitrogen Compounds in the Extracts of Various Fuels 20 


Nitrogen in 





Subbitu- 

Bitumi- 



Peat 

Lignite 

minous 

nous 

Anthracite 


percent 

percent 

percent 

percent 

percent 

Total present 

3.10 

0.87 

1 .68 

1.44 

1.36 

f Amide 

0.72 

0.034 

0.019 

0.016 

0.005 

Extracted j Monoamino acid 

1.20 

0.074 

0.079 

0.062 

0.031 

[ Diamino acid 

0.52 

0.082 

Trace 

Nil 

Nil 

Total extracted 

2.44 

0.190 

0.098 

0.078 

0.036 

Percentage of total nitrogen 






present extracted 

78.5 

21.8 

5.8 

5.41 

2.64 


top, middle, and bottom parts of a Lanca- 
shire bituminous coal seam in order to de- 
termine the effect of comparatively shorter 
geological periods on the division and ex- 
tractability of nitrogen (see Table VII). 

TABLE VII 

Types and Amounts of Nitrogen Compounds 
in a Bituminous Coal Taken from Various 
Depths 30 

Nitrogen in 


Total present 

Top 

percent 

1.33, 

Middle 

percent 

1.33 

Bottom 

percent 

1.34 


f Amide 

0.021 

0.026 

0.014 

Extracted * 

Monoamino acid 

0.064 

0.044 

0.058 


[ Diamino acid 

0.000 

0.000 

0.000 

Total extracted 

0.085 

0.070 

0.072 

Percentage of total nitrogen 
present extracted 

6.38 

5.26 

5.37 


Some suggestion of the effect of age is 
shown by the fact that the greatest amount 
of nitrogen was extracted from the top, 
presumably the youngest sample, but the 
remaining figures do not warrant the draw- 
ing of any such conclusion. Hence, the 
more radical changes observed in the state 
of nitrogen in peat, lignite, bituminous 


coal, and anthracite have been effected dur- 
ing a longer geological period than that re- 
quired for the deposition of a single seam. 

The series of fossil fuels from peat 
through anthracite represents humus for- 
mations which have undergone extensive 
decomposition for periods of many years. 
The age of peats ranges from a few years 
to several thousands of years. Coal depos- 
its are much older, some being of the order 
of a million and others more than a hun- 
dred million years old. From the figures 
presented by Shaddock and Drakeiey it 
would appear that in the coalification proc- 
ess nitrogen, originally present as amino or 
amide groups, is converted to some other 
nonbasic form which is incapable of being 
extracted by means of mineral acids. 

The results of the extraction of solid 
fuels with mineral acids indicate that only 
from the younger fuels is it possible to 
remove directly nitrogen-containing com- 
pounds. Such extractable substances in- 
clude proteins and their hydrolysis prod- 
ucts together with amines, amides, and 
basic heterocyclic nitrogen compounds. 
The nitrogen present in the older fuels 
cannot be extracted with mineral acids; 
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this is also true for crude petroleum. A 
reasonable explanation for this behavior is 
that during coalification the reactive amino 
and imino groups, which are present in the 
younger fuels, are involved in reactions 
with other groups such as carboxyl, hy- 
droxyl, carbonyl, and methoxyl, which con- 
vert the basic groups into nonbasic groups, 
the nitrogen being either held in a hetero- 
cyclic linkage or else linked linearly be- 
tween units of such complexity or nega- 
tivity that the nitrogen loses its basic 
properties. 

In the higher-rank fuels, there is really 
no direct evidence as to the manner in 
which the nitrogen is held. Most of the 
meager information we have is based on 
studying the products derived from the 
fuel after it has been subjected to some 
degradation process such as: (1) solvent 
extraction, (2) vacuum distillation, (3) 
low- and (4) high-temperature distillation, 
(5) gasification, (6) combustion, (7) oxi- 
dation, (8) hydrogenation, (9) halogena- 
tion, or (10) hydrolysis, all of which alter 
the original structure of the coal. How- 
ever, certain conclusions can he drawn as 
to the probable type of nitrogen linkage 
in the original coal from a study of these 
degradation products. 

Solvent Extraction 

A French bituminous coal, from Mon- 
trambert, Loire, yielded with boiling ben- 
zene about 0.1 percent of extract which, 
when shaken with dilute sulfuric acid, gave 
such small amounts of bases that they were 
not further investigated. 31 The same au- 
thors also mentioned that bituminous coal 
yielded practically no extract when treated 
with dilute acids, indicating the absence of 
basic material in the original coal. A large- 
scale benzene extraction was carried out on 

3i Pictet, A., and Ramseyer, L., Ber., 44, 2486- 
97 (1911). 


a Saar, Maybach, coal. 32 Fifty-two hun- 
dred kilograms of coal yielded 10.63 kilo- 
grams of extract (not including 2.67 kilo- 
grams of benzene-soluble petroleum-ether- 
insoluble material), which corresponded to 
a 0.22 percent yield. This material con- 
tained 0.5 percent of basic compounds, iso- 
lated by extraction with dilute hydrochloric 
acid. Four hundred cubic centimeters of 
the crude extract was shaken wnth dilute 
hydrochloric acid which, after evaporation, 
gave 0.5 gram of crystalline hydrochlorides. 
On steam distillation, after addition of al- 
kali, there was obtained a steam-volatile 
and a steam-nonvolatile fraction of bases. 
The former was an oily liquid, slightly 
soluble in water, wnth an odor resembling 
that of dihydropyrroles; when treated with 
nitrous acid and then subjected to the Lie- 
bermann reaction, this oily liquid gave a 
positive test indicating the presence of sec- 
ondary amines. A solid o-nitrobenzoyl de- 
rivative was prepared, m.p. 110° C, which 
on analysis indicated the base to have the 
empirical formula C 7 H 13 N, so that the 
compound was possibly an alkylated dihy- 
dropyrrole. The steam-nonvolatile base 
was amorphous, colorless, and odorless. 

A thorough study of the solvent extrac- 
tion of a Pittsburgh bituminous coal using 
benzene, aniline, tetralin, and phenol has 
been carried out. 33 The effect of the vari- 
ables time and temperature was studied 
and, with benzene, the additional variable 
of particle size. The sized coal contained 
1.63 percent nitrogen and the /x-coal 1.90 
percent nitrogen (on a dry basis). The 
bases from the extract were removed with 
2 A hydrochloric acid, the solution was 
made alkaline with sodium hydroxide, and 
the free bases were recovered by ether ex- 

32 Pictet, A., Ramseyer, L., and Kaiser, 0-, 
Compt. rend., 1C3, 358-61 (1916). Pictet, A., 
Ann, cJiim (9) 10, 249-330 (1918). 

33 Asbury, R. S., Ind, Eng. Chem 26, 1301-6 
(1934), 28, 687-90 (1936). 
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traction. The results are given in Table 
VIII. When the 16-20 mesh coal was pre- 
heated at 350° C and then extracted at 
260° C with benzene the yield of bases was 
increased to 0.93 percent, and when pre- 
heated at 400° C and extracted at 260° C 

TABLE VIII 

Yield of Extract and Bases from Benzene 
Pressure Soxhlet Extraction of a Pitts- 
burgh Bituminous Coal at 260° C 33 

Coal size, mesh 4-8 16-20 60-80 p 

Total time of extractions, 

hours 47 44 38 302 

Yield of extract at end of 

run (dry, ash-free) , 

percent 15.5 17.8 18.0 28.7 

Bases, percent of extract 0.59 0.61 0.38 0.5 

Bases, percent of coal 0.09 0.11 0.07 0.14 

the yield of bases was further increased to 

2.30 percent of the extract. It was be- 
lieved that this increase occurred at the 
expense of the neutral ether-insoluble por- 
tion of the extract due to thermal decom- 
position. 

Similar data for the extraction of the 
same coal (16-20 mesh) with the other sol- 
vents mentioned above are given in Ta- 
ble IX. The results indicate that pressure 
extraction of coal with various solvents at 
elevated temperatures removes only small 
amounts of basic material soluble in dilute 
hydrochloric acid. Unfortunately, no ele- 
mentary analyses are available for this ma- 
terial. However, the fact that pressure 
solvent extraction removes any basic ma- 
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terial is in agreement with the idea that 
solvent extraction is in reality a very mild 
process of thermal decomposition. 34 

Pyridine extraction of a coal at 90° C 
removed 0.74 percent of bases (calculated 
from the weight of extract), or 0.076 per- 
cent of bases (calculated from the weight 
of coal used). 35 As it was admitted that 
the product contained considerable amounts 
of pyridine, this figure is undoubtedly high. 

A “gas flame” coal was extracted with 
tetralin at 250° C under 6.5 atmospheres 
pressure. 36 In IS hours a 20.3 percent 
yield of extract was obtained which con- 
tained 0.034 percent of bases: this corre- 
sponds to a yield of 0.007 percent of bases 
calculated on the amount of coal used. 

Vacuum Distillation 

Pictet has also studied vacuum distilla- 
tion of coal. 31 This was considered to be 
a more practical method than solvent ex- 
traction for investigating coal since it is 
faster and gives better yields. From 30 
kilograms of coal heated to 450-500 3 C at 
15 — 17 millimeters a 4 percent yield of vac- 
uum tar was obtained 37 This tar, on ex- 
traction with dilute acid, yielded “'consider- 

34 Lowry, H. H., Ind. Eng. Chem., 20, 133-9 
(1934). 

35 Hofmann. F., and Damn, P., Brennstoff - 
Chem., 3, 73-9, 81-91 (1922). 

36 Berl, E., and Scbildwaekter, H., ibid., 9, 
105-13 (I92S). 

37 Pictet, A., and. Boavier, M., Ber., 40, 3342- 
53 (1913). 


TABLE IX 

Yield of Extract and Bases from the Pressure Soxhlet Extraction of a Pittsburgh 

Bituminous Coal 53 


Solvent 

Aniline 


Tetralin (Cumulative) 


Temperature, °C 

225 

250 

300 

350 

400 

Total time of extraction, hours 

464 

136 

126 

108 

4 

Total extract, percent 

47 

33.8 

50. S 

SI. 6 

85.5 

Bases (percent of extract) 

1.30 

0.5 

0.9 

1.5 

2.6 

Bases (percent of coal) 

0.61 

0.17 

0.46 

1.22 

2.22 


Phenol 

250 

65 

66.7 

0.2 

0.13 
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TABLE X 

Bases from Vacuum Tar 38 



Empirical 

General 

Boiling Point 

Melting Point 
of Picrate 

Compound 

Formula 

Formula 

°C 

°C 

1 

CtH s N * 

CJi 2 „_sN 

1 98-203 

170 

2 

C s H 7 N f 

C,IF„_ 9 N t§ 

225 

195 

3 

c 9 h 6 n 

C„H 2 „_ 9 N j 

247-250 

184 

4 

CiqHuN 

C„H 2 „_sN t 

250-260 

184 

5 

CnHisN 

GnHsn— 9^ 1- 

260-265 

173 

6 

CisHuN 

C„H 2n _ 9 N i 

270-280 

166 


* Probably a mixture of toluidines since it consisted of primary aromatic amines which could be 
diazotised and coupled with /3-naphthol. 
t Isomeric with indole. 

t Compounds 2-6 all belonged to series C n H 3ll _ 3 N, which is that, e.g., of dihydroquinoline, 


J\/%. 

vy 

H 


. These were all colorless liquids, insoluble in water, and were unsaturated secondary 


H 2 


amines. They had odors resembling quinoline and its homologs. 

§ A base, C s H a N, has been isolated from Fushun shale tar.33 This compound belongs to the series 
C»H SB _.N f which is intermediate between the above series. This base was later synthesized *o and 


proved to be 5.6-dihydropyrindine 



, which has the following physical properties: b.p. 


199° C T5Cmm ; 1.5407 ; picrate, m.p. 181-182° C. 


able amounts of basic constituents, among 
which secondary bases seemed to pre- 
dominate.” 

From 1.5 tons of coal, Montrambert, 
Loire, 60 kilograms of vacuum tar was 
obtained by hearing the coal to a maximum 
temperature of 450 s C at 15-20 milli- 
meters. 32 ’ ss The nitrogen-containing bases 
of vacuum tar, which constituted 0.2 per- 
cent of the tar, were separated by extrac- 
tion of the tar with dilute hydrochloric 
acid. Owing to the small quantity of bases 
available, it was possible to determine only 
the elementary composition of fractions 
which were obtained by distillation and to 
determine the melting points of their pic- 
rates. Some of Pictet's data are shown in 
Table X. 


Pictet stated that the above bases seemed 
to contain an unhydrogenated benzene ring. 
He believed that the bases were formed by 
thermal decomposition of nitrogen-contain- 
ing substances in the coal and that the 
bases did not exist, as such, in the coal. 
The bases isolated from vacuum tar were 
different- from those obtained from the ben- 
zene extraction of coal. Since only small 
quantities of these bases were formed and 
since no ammonia was produced during the 
vacuum distillation, nearly all the nitrogen 
of the coal remained in the vacuum coke. 

38 Pictet, A., Kaiser, O., and Labouchere, A., 
Compt. rend., 165, 113-16 (1917). 

39 Eguchi, T., Bull. Ctiem. Soc. Japan , 2, 176- 
86 (1927), 3, 227-43 (1928). 

40 Thompson, W. C., J. Am. Chem. Soc., 53, 
3160—4 (1931). 
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The majority of the bases, like the hy- 
drocarbons and alcohols obtained from the 
benzene extract and from the vacuum tar, 
were hydroaromatic. Whereas the bases 
isolated from the two preparations were 
apparently different, the hydrocarbons and 
alcohols from the two different sources were 
apparently identical. Pictet compared the 
physical properties of such hydrocarbons 
with those reported by Mabery 41 from 
Canadian petroleum and found a very close 
agreement. The agreement was not so 
close for hydrocarbons from Caucasian, 
Ohio, or California petroleums. Certain of 
the hydrocarbons from the benzene extract 
of Pictet exhibited optical activity, as do 
certain petroleum hydrocarbons; those 
from vacuum tar were optically inactive. 

In connection with the similarity between 
the compounds in petroleum and those ob- 
tained from the vacuum distillation and 
benzene extraction of coal, it is interesting 
to consider recent knowledge concerning 
the occurrence of nitrogen in petroleum. A 
study of the nitrogen compounds in petro- 
leum has been under way at the University 
of Texas since 1926 as part of the research 
project of the American Petroleum Insti- 
tute. 42 To date, nothing is known of the 
structure of the nitrogen in crude, undis- 
tilled 'petroleum. Very little, if any, of the 
nitrogen in petroleum can be extracted 
from crude oil with dilute mineral acids; 
this is analogous to the result obtained 
with the higher-rank coals. Hence, it is 
concluded that the nitrogen in petroleum 

41 Mabery, C. F., et al., Am. Ghem. J., 19, 374— 
81, 419-85, 796-804 (1897), 25, 253-307 (1901). 

42 Bailey, J. R., et al., Ind. Eng. Ghem., 20, 
83-5 (1928) ; J. Am. Chem. Soc 52, 1239-50 
(1930), 53, 1002-11 (1931), 55, 4136-40, 4141- 
2, 4143-5, 4145-9 (1933), 56, 2741-3 (1934), 59, 
175-7, 2449-50 (1937), 60, 763-5, 3025-S, 3028- 
32 (1938), 61, 1017-9, 2609-15 (1939), 62, 1967- 
9 (1940), 63, 637-41 (1941). Dunstan, A. E., 
Nash, A. W., Tizard, H., and Brooks, B. T., The 
Science of Petroleum 3 Oxford University Press, 
Vol. I, 1938, pp. 1047-52. 


is present in the form of nonbasic com- 
pounds of unknown structure. However, 
when petroleum is distilled the distillate 
contains both basic and nonbasic nitrogen 
compounds, the basic being produced as a 
result of thermal decomposition, but the 
nonbasic predominate. It is not possible 
to extract quantitatively the nitrogen com- 
pounds from crude petroleum or from its 
distillation products by means of dilute 
mineral acids. 

In this investigation the kerosene frac- 
tion of an asphalt-base petroleum from the 
McKittriek field in the San Joaquin valley 
in California has been used. The crude 
petroleum contained 0.64 percent nitrogen 
and the kerosene distillate contained 0.055 
percent nitrogen. One hundred and fifty 
barrels of residue, left after liquid sulfur 
dioxide extraction of the kerosene distillate, 
was extracted with dilute sulfuric acid, giv- 
ing 50 liters of water-insoluble bases, called 
“kero bases.” which were used in the inves- 
tigation; 80,000 barrels of this petroleum 
yielded one barrel of kero bases. Approxi- 
mately 55 percent of the nitrogen com- 
pounds in the kerosene distillate could be 
extracted with dilute sulfuric acid. In 
the higher-boiling distillates, containing a 
greater total nitrogen content, the propor- 
tion of basic to nonbasic compounds de- 
creased with increase in temperature at 
which the fractions were collected. It was 
found that the ratio of aromatic to nonaro- 
matic types present in the kero bases was 
15 to 85. The common coal-tar bases, 
quinoline, iso quinoline, quinaldine. and lepi- 
dine, were absent, although special attempts 
were made to find them. 

In the lower-boiling fractions pyridine 
homologs are probably present. By using 
a cracked gas oil and cracked residuum 
from California petroleum, the temperature 
of cracking being 454 c C at 54 to 5S at- 
mospheres, the following nine bases were 
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TABLE X 


Bases from Vacuum Tar 2 



Empirical 

General 

Boiling Point 

Melting Point 
of Picrate 

Compound 

Formula 

Formula 

°C 

°C 

1 

c 7 h 9 n * 

c„h 2 „_ 5 n 

198-203 

170 

2 

C s H 7 N f 


225 

195 

a 

C9H9N 

c„h 2 „_ 9 n 

247-250 

184 

4 

CioHnN 

C,H 2 „- 9 N 

250-260 

184 

5 

CuHuN 


260-265 

173 

6 

C12H15N 


270-280 

166 


* Probably a mixture of toluidines since it consisted of primary aromatic amines which could be 
ciiazotised and coupled with jS-naphthol. 
t Isomeric with indole. 

t Compounds 2-6 all belonged to series C u H 2n _ 0 N, which is that, e.g., of dihydroquinoline, 



V 


/\ 


N 

H 


These were all colorless liquids, insoluble in water, and were unsaturated secondary 


amines. They had odors resembling quinoline and its homologs. 

§ A base, C S H S N, has been isolated from Fushun shale tar.sa This compound belongs to the series 
C n H 2n _-N, which is intermediate between the above series. This base was later synthesized *o and 


proved to be 5,6*dihydropyrindine 


H 2 v 




, which has the following physical properties : b.p. 


199° C 7SQmm ; yjf 1.5407; picrate, m.p. 181-182° C. 


able amounts of basic constituents, among 
which secondary bases seemed to pre- 
dominate.” 

From 1.5 tons of coal, Montrambert, 
Loire, 60 kilograms of vacuum tar was 
obtained by heating the coal to a maximum 
temperature of 45G = C at 15-20 milli- 
meters. 22 ’ ss The nitrogen-containing bases 
of vacuum tar, which constituted 0.2 per- 
cent of the tar, were separated by extrac- 
tion of the tar with dilute hydrochloric 
acid. Owing to the small quantity of bases 
available, it was possible to determine only 
the elementary composition of fractions 
which were obtained by distillation and to 
determine the melting points of their pic- 
rates. Some of Pictet’s data are shown in 
Table X. 


Pictet stated that the above bases seemed 
to contain an unhydrogenated benzene ring. 
He believed that the bases were formed by 
thermal decomposition of nitrogen-contain- 
ing substances in the coal and that the 
bases did not exist, as such, in the coal. 
The bases isolated from vacuum tar were 
different from those obtained from the ben- 
zene extraction of coal. Since only small 
quantities of these bases were formed and 
since no ammonia was produced during the 
vacuum distillation, nearly all the nitrogen 
of the coal remained in the vacuum coke. 

3S Pictet, A., Kaiser, O., and Laboucliere, A., 
Compt . rend., 1G5, 113-16 (1917). 

39 Eguchi, T., Bull. Chem. Soc. Japan, 2, 176- 
S6 (1927), 3, 227-43 (1928). 

40 Thompson, W. C., J. Am. Chem. Soc 53, 
3160-4 (1931). 
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The majority of the bases, like the hy- 
drocarbons and alcohols obtained from the 
benzene extract and from the vacuum tar, 
were hydroaromatic. Whereas the bases 
isolated from the two preparations were 
apparently different, the hydrocarbons and 
alcohols from the two different sources were 
apparently identical. Pictet compared the 
physical properties of such hydrocarbons 
with those reported by Mabery 41 from 
Canadian petroleum and found a very close 
agreement. The agreement was not so 
close for hydrocarbons from Caucasian, 
Ohio, or California petroleums. Certain of 
the hydrocarbons from the benzene extract 
of Pictet exhibited optical activity, as do 
certain petroleum hydrocarbons; those 
from vacuum tar were optically inactive. 

In connection with the similarity between 
the compounds in petroleum and those ob- 
tained from the vacuum distillation and 
benzene extraction of coal, it is interesting 
to consider recent knowledge concerning 
the occurrence of nitrogen in petroleum. A 
study of the nitrogen compounds in petro- 
leum has been under way at the University 
of Texas since 1926 as part of the research 
project of the American Petroleum Insti- 
tute. 42 To date, nothing is known of the 
structure of the nitrogen in crude, undis- 
tilled petroleum. Very little, if any, of the 
nitrogen in petroleum can be extracted 
from crude oil with dilute mineral acids; 
this is analogous to the result obtained 
with the higher-rank coals. Hence, it is 
concluded that the nitrogen in petroleum 

41 Mabery, C. F., et al., Am. CJiem. J., 19, 374— 
81, 419-85, 796-S04 (1897), 25, 253-307 (1901). 

42 Bailey, J. R., et al., Ind. Eng. CJiem,., 20, 
83-5 (1928) ; J. Am. Chetn. Soc 52, 1239-50 
(1930), 53, 1002-11 (1931), 55, 4136-40, 4141- 
2, 4143-5. 4145-9 (1933), 50, 2741-3 (1934), 59, 
175-7, 2449-50 (1937), 60, 763-5, 3025-S, 302S- 
32 (1938), 61, 1017-9, 2609-15 (1939), 62, 1967- 
9 (1940), 63, 637-41 (1941). Dunstan, A. E., 
Nash, A. W., Tizard, H., and Brooks, R. T., The 
Science of Petroleum , Oxford University Press, 
Vol. I, 1938, pp. 1047-52. 


is present in the form of nonbasic com- 
pounds of unknown structure. However, 
when petroleum is distilled the distillate 
contains both basic and nonbasic nitrogen 
compounds, the basic being produced as a 
result of thermal decomposition, but the 
nonbasic predominate. It is not possible 
to extract quantitatively the nitrogen com- 
pounds from crude petroleum or from its 
distillation products by means of dilute 
mineral acids. 

In this investigation the kerosene frac- 
tion of an asphalt-base petroleum from the 
McKittrick field in the San Joaquin valley 
in California has been used. The crude 
petroleum contained 0.64 percent nitrogen 
and the kerosene distillate contained 0.055 
percent nitrogen. One hundred and fifty 
barrels of residue, left after liquid sulfur 
dioxide extraction of the kerosene distillate, 
was extracted with dilute sulfuric acid, giv- 
ing 50 liters of water-insoluble bases, called 
“kero bases,” which were used in the inves- 
tigation; 80,000 barrels of this petroleum 
yielded one barrel of kero bases. Approxi- 
mately 55 percent of the nitrogen com- 
pounds in the kerosene distillate could be 
extracted with dilute sulfuric acid. In 
the higher-boiling distillates, containing a 
greater total nitrogen content, the propor- 
tion of basic to nonbasic compounds de- 
creased with increase in temperature at 
which the fractions were collected. It was 
found that the ratio of aromatic to nonaro- 
matic types present in the kero bases was 
15 to S5. The common coal-tar bases, 
quinoline, isoqumoline, quinaldine, and lepi- 
dine, were absent, although special attempts 
were made to find them. 

In the lower-boiling fractions pyridine 
homologs are probably present. By using 
a cracked gas oil and cracked residuum 
from California petroleum, the temperature 
of cracking being 454* C at 54 to 58 at- 
mospheres, the following nine bases were 
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isolated: 2- and 4-methylpyridine ; 2,4-, 
2,5-, 2,6-, and 3,5-dimethyIpyrIdine; 2,4,6- 
trimethylpyridine ; quinoline: and 2-meth- 
yl quinoline. No nonaromatic types, such 
as are predominantly present in straight- 
run distillates , are encountered in cracked 
distillates ; the latter contain only aromatic 
types. The aromatic types are obviously 
pyrolysis products of more complex mole- 
cules. The nonaromatic bases are evidently 
unstable at the cracking temperature and 
undergo dealkylation, dehydrogenation, and 
molecular rearrangement, forming more 
stable aromatic types. Analogously, the 
presence of nonaromatic bases along with 
aromatic bases in bituminous coal tar has 
been suspected since the isolation of dihy- 
droacridine, C l; >H n N, from a sample of 
crude acridine. 43 Table XI lists the com- 
pounds whose structures have been deter- 
mined after isolation from the kerosene 
distillate of California petroleum. 

It may be observed that the majority of 
these compounds are alkylated quinolines, 
all of which are methylated in the 2-posi- 
tion, the other positions bearing methyl (or 
higher alkyl groups) being the 3-, 4-, and 

5- positions. So far, no compounds have 
been found with alkyl groups in the 1-, 5-, 

6- , or 7-positions. The pyridine nucleus 
contains only methyl groups while the 
benzene nucleus so far has been found to 
contain, in position S-, the methyl, ethyl, 
n-propyl, and sec-butyl groups. The fol- 
lowing diagram represents 12 of the 13 
quinoline homologs isolated to date. 2,3,4- 
Trimethyl quinoline (. AcBd ) has not been 
found, although a special attempt was 
made to find it. 2,S-DimethyIquinoline is 
not represented in the diagram. 

Bailey also pyrolyzed cottonseed meal in 
the presence of lubricating oil, finally heat- 
ing the mixture to red heat, to test the as- 

43 Decker, EL, and Dnnant, G., Ber. f 42, 1178-9 
(1909). 



sumption that petroleum originates from 
animal or vegetable protein, with carbohy- 
drates and fats contributing to- the forma- 
tion of the nitrogen compounds present. 44 
It was found that the bases obtained from 
the pyrolyzed products represented as com- 
plex a mixture as is present in the petro- 
leum bases. However, the cottonseed meal 
bases were at least 50 percent petroleum 
ether-insoluble and the higher-boiling frac- 
tions contained compounds with more than 
one nitrogen atom per molecule. There 
was also no evidence for naphthenic com- 
pounds such as are present in the petro- 
leum bases. The lower-boiling fractions 
contained pyridine and various alkylated 
pyridines, identical with those obtained 
from the distillation of coal, shale, or 
bones; the coal-tar bases, quinoline, iso- 
quinoline, quinaldine, and lepidine, were 
also found. The kero base, 2,3,8-trimethyl- 
quinoline, was likewise isolated. 

The molecular distillation in high vac- 
uum (0.001 millimeter) of the same coal 
used by Asbury 33 has been carried out and 

44 Bailey, J. K,., et al., J. Am. Chem. $oc v 58, 
1097-1104 (1936). 
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a study made of the variables — heating 
rate, exhaustive stepwise treatment, coal 
particle size, and pressure — on the compo- 
sition and yield of products. 45 It was 
found that very little distillate appeared 
until temperatures above 350° C were at- 
tained and hence none of the substance 
which distilled and condensed had existed, 
as such, in the original coal; that is, the 
condensate consisted of substances which 
were formed as a result of the thermal de- 
composition of the coal. The same coal 
was distilled from a standard Fischer alu- 
minum retort while the apparatus was 
being swept with a stream of nitrogen. 
The data thus obtained permit a compari- 
son of the effect of reduced pressure on the 
yield of condensate and on the amount of 
bases produced with those obtained at at- 
mospheric pressure. The maximum tem- 
perature attained under both conditions 
of pressure was about 525° C. The bases 
present in the distillates were extracted 
with 2 N hydrochloric acid, the acid extract 
neutralized with potassium hydroxide so- 
lution, and the free bases removed with 
ether. The data are given in Table XII. 
It is observed that the quantity of bases 

TABLE XII 

Comparison of Yields of Condensate and 
of Bases Produced in Vacuum Distillation 
and Fischer Retort Distillation of a 
Pittsburgh 46 Bituminous Coal 

Fischer 
Vacuum Retort 
20-40 20-40 

mesh ju-Coal mesh 

Condensate, percent 21.7 26.0 18.0 

Bases (percent of con- 
densate) 0.91 0.58 2.3 

Bases (percent of coal) 0.20 0.16 0.4 

45 Juettner, B., and Howard, H. C., Ind. Eng. 
Ghent., 26, 1115-8 (1934). Goal Research Lab., 
Carnegie Inst. Tech. Bull. 8 (1934), 22 pp. 


obtained by this method is of the same 
order of magnitude as that obtained by 
pressure solvent extraction. Since vacuum 
distillation involves somewhat more vigor- 
ous thermal decomposition than solvent ex- 
traction, it would be expected that vacuum 
distillation would yield somewhat larger 
amounts of bases. 

Solvent extraction and vacuum distilla- 
tion experiments on solid fuels indicate that 
these processes cause mild thermal decom- 
position. The isolable bases are not pres- 
ent as such even in small amounts but are 
formed from complex molecules by thermal 
reactions involving dealkylation, molecular 
rearrangement, and partial dehydrogena- 
tion. The evidence so far obtained indi- 
cates that such bases consist predominantly 
of secondary cyclic amines, possibly al- 
kylated dihydroquinolines or pyrroles, in 
which the benzene nucleus is unhydrogen- 
ated while the pyridine or pyrrole nucleus 
is hydrogenated at the double linkage be- 
tween the nitrogen and carbon atoms. 

Present information concerning the nitro- 
gen compounds in petroleum agrees fairly 
well with what is known regarding the ni- 
trogen compounds in coals of higher rank 
than lignites. Appreciable quantities of 
bases cannot be extracted either from pe- 
troleum or from the coals with mineral 
acids. Mild thermal treatment of both 
fuels results in the formation of simpler 
nitrogen-containing compounds, some of 
which are extractable with mineral acids 
and in w r hich the nonaromatic types pre- 
dominate. By more drastic thermal treat- 
ment both fuels yield the same purely aro- 
matic bases, namely, pyridines, quinolines, 
iso quinolines, etc. 

Low-Temperature Distillation 

The above figures for the Fischer retort 
distillation are an indication of the amount 
of volatile bases formed in a low-tempera- 
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ture distillation. Usually the nitrogen 
bases of low-temperature tar constitute less 
than 5 percent of the tar. Table XIII 
shows the distribution of nitrogen among 
the products obtained from the lovr-tem- 
perature distillation of various solid fuels. 

TABLE XIII 


Distribution of Nitrogen among the Prod- 
ucts of Low-Temperature Distillation 



Bituminous 



Peat 17 



Coal 


f„ L . ■ 

• 




, 

Brown 

Leber- 

Low 

High 


A 4C 

B 47 

Coal 4£ 

mudde 

Moor 

Moor 

Temperature of 







distillation, e C 

550 

575 

550 

520 

520 

520 

Percentage of total 







nitrogen in: 







Coke 

S2.G 

66.1 

67.5 

54.1 

id.O 

5S.2 

Tar 

15.9 

4.4 

4.4 

13.3 

6.1 

3.4 

Gas (as Ns) 


10. S 

27.1 

14.3 

6.1 

28.5 

Ammonia 

1.1 

l.S 

1.0 

23.3 

14.5 

9.9 

Pyridine 


0.4 





Total 

99.6 

S3. 5 

100.0 

100.0 

100.0 

100.0 


In bituminous coal B, on subsequent 
heating of the semicoke, an additional 16 
percent of the total nitrogen was converted 
into ammonia, which brings the ammonia 
figure to approximately that obtained in 
commercial coking or illuminating-gas 
practice. (See Table XIX.) Gluua and 
Breuer 47 pointed out that the sum of the 
direct!}’ determined components reached a 
figure of only S3 .5 percent. If they had 
calculated the value for elementary nitro- 
gen by difference, as is customary and as 
was done in the other work reported above, 
this figure would have been 27.3 instead of 
10.8 percent. However, the amount of ele- 
mentary nitrogen was experimentally de- 
termined and must be approximately cor- 
rect. This large deviation is ascribed to 
errors in the determination of nitrogen in 
the coal and coke by either the Kjeldahi or 

46 Strache, H., and Frohn, E., Brennstoff-Chcm ., 
3, 337—40 (1922). 

47 Gland, W., and Brener, P. K., Ges. Abhandl. 
Kenntnis Kohle, 3, 227-37 (1918). 


Dumas method. 5 The determined values 
are probably low, and a negative error of 
about 0.5 percent in the coke-nitrogen de- 
termination would suffice to explain the 
16.5 percent discrepancy in nitrogen since 
each 0.1 percent of nitrogen in the coke, 
owing to the large factor involved, would 
cause an error of 4 percent in the nitrogen 
balance. The organic nitrogen-containing 
compounds in low-temperature coke begin 
to decompose at temperatures above 600° C 
with the formation of ammonia. In high- 
teinperature coking the major part of the 
ammonia is evolved at temperatures above 
600° C 48 

The United States Bureau of Mines 49 
has carried out the carbonization of 55 
American coals and various blends of these 
coals at temperatures ranging from 500 to 
1,100° C and analyzed the products ob- 
tained. An analysis of these data has been 
made; 50 the results, so far as they, con- 
cern the nitrogen in the coals and their 
carbonization products, can be summarized 
as follows: The volatile nitrogen can be 
calculated from the equation: 

Xr = N c - (N c + C)Y 

where Xv = volatile nitrogen. 

X c = nitrogen in the coal, as charged 
C — a constant. 

_ yield of coke 
~ 100 

4S Fischer, F., and Gluud, W., Ges. Abhandl. 
Kenntnis Kohle, 3, 215-26 (1918). 

49 Fieldner, A. C., and Davis, J. D., U. 8. Bur. 
Mines, Monograph 5 (1934), 164 pp. Fieldner, 
A. C., Davis, J. D., et al., U. 8. Bur. Mines, Tech. 
Papers 570 (1936), 34 pp., 571 (1936), 33 pp., 
572 (1937), 50 pp., 5S4 (1938), 81 pp., 595 
(1939), 83 pp., 594 (1939), 43 pp., 596 (1939), 
46 pp., 599 (1939), 38 pp., 601 (1939), 45 pp. ; 
Bull. 411 (1938), 162 pp. ; Rept. Investigations 
3428 (1939), 32 pp. 

so Lowry, H. H., Landau, H. G., and Naugle, 
Leah L., Trans. Am. Inst. Mining Met. Engrs., 
149, 297-326 (1942). 
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Also, 

Y - A + B (Fixed carbon in coal 

+ Ash in coal) 

where A = a constant. 

B = a constant (0.79). 

The constant A decreases with increasing 
temperature, whereas B is independent of 
temperature. The factor {N c +C)Y rep- 
resents the calculated nitrogen in the coke. 
It is noted that the nitrogen in the coke is 
a function of the constant C, which de- 
creases with increasing temperature of car- 
bonization, and of the yield of coke, which 
also decreases with increasing carbonization 
temperature. The above equation directly 
confirms the older statements in the litera- 
ture to the effect that coals of high rank, 
which give high yields of coke, will give 
low yields of volatile nitrogen, and low- 
rank coals, which give low yields of coke, 
will give high yields of volatile nitrogen; 
that is, the amount of volatile nitrogen 
varies inversely with the rank of the coal. 

The following equations were also de- 
rived for calculating the yield of ammo- 
nium sulfate obtainable from the various 
coals at various temperatures: 

A — a + bNv + cl 

where A = yield of ammonium sulfate 
in pounds per ton of coal 
charged. 
a, b , and c = constants. 

W = percentage of moisture in the 
coal. 

It was found that the experimentally de- 
termined values for the nitrogen in the coke 
could not be used in calculating the ammo- 
nium sulfate yields because, if they were, 
the correlation coefficients were very low, 
whereas if the calculated values for the 
coke-nitrogen contents were used these co- 
efficients were quite high. This is another 


independent indication that the values ob- 
tained for the nitrogen content of coke 
samples either by the Kjeldahl or Dumas 
methods may be seriously in error. 

It was found necessary to use the factor 
cW in calculating the afield of ammonium 
sulfate since, as is known, the moisture 
present in the coal has a definite protective 
influence against the decomposition of am- 
monia. A high moisture content is asso- 
ciated with coals of low rank so the neces- 
sity of using the factor cTF may be attrib- 
uted to the fact that low-rank coals give 
higher yields of ammonia than high-rank 
coals. The yield of ammonium sulfate as a 
function of temperature is shown in Ta- 
ble XIV. It is observed that the yield of 


TABLE XIV 

Yield of Ammonium Sulfate as a Function 
of Temperature 50 



Number of Coals 

Average Yield 

Tempera- 

and Coal Blends 

of Ammonium 

ture 

Studied 

Sulfate 
pounds per 

C C 


ton of coal 

500 

50 

4.3 

600 

52 

10. S 

700 

51 

21.7 

800 

54 

22.0 

900 

88 

19.5 

1,000 

53 

14.4 ' 

1,100 

30 

11.7 


ammonium sulfate reaches a maximum 
when the coal is carbonized at 800° C. 
These coals were carbonized in iron retorts, 
and it is known that iron is a catalyst for 
the decomposition of ammonia. Hence, it 
might be expected that if the coals had 
been carbonized in a refractory retort the 
maximum yield of ammonium sulfate might 
have occurred at a higher temperature. 
The yield of ammonium sulfate is depend- 
ent on the nitrogen content and the mois- 
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ture content of the coal as well as on the 
temperature of carbonization. 

The yields of low-temperature tar bases 
as a function of the carbonizing tempera- 
ture of British coals are given in Table 
XV. 51 

TABLE XV 

Yield of Tar Bases as a Function of Tem- 
perature 51 



Tar Yield, 

Tar Bases, 


Percentage by 

Percentage by 

Temperature 

C C 

Weight of Coal Weight of Tar 

400 

3.9 

1.62 

450 

5.62 

2.06 

500 

7.06 

2.35 

550 

S.QO 

2.66 

600 

7.60 

3.00 

650 

6.90 

3.15 

700 

6.24 

2.54 


The following primary and tertiary 
amines have been isolated from low-tem- 
perature tar: aniline, 2-methyl-, 2,4-di- 
methyl-, 2,4,8-trimethyIpyridine, quinoline, 
and 2-methylquinoline. 52 Aniline, pyridine, 
and 2-mefliylpyridine have been isolated 
from the aqueous liquor from low-tem- 
perature tar. 53 Low-temperature aqueous 
liquor has been found to contain Q.082 
gram of bases and 0.397 gram of ammonia 
per liter. 54 The following bases were iso- 
lated from a low-temperature tar: aniline, 
(oluidine, 2,4-, 2,5-, and 2,6-dimethvIpyri- 
dine, 2,3,4-, 2,3,5-, 2,3,6-, and 2,4,6-tri- 

51 Sinnatt, F. S., King, J. G., and Linnell, W. 
H., J. Soc. Chem. Ind., 45, 3S5-93T <1926). 

52 Morgan, G. T., J. Soc. Chan. Ind., 47, 131- 
H3T (1928). 

53 Morgan, G. T., and Pettet, A. E. J., J. Soc. 
Chem. Ind., 56, 109-14T (1937) ; Morgan, G. T., 
Pratt, D. D-, and Pettet, A. E. J., Hid., 4S, 89- 
93T (1929). 

54 Brown, R. L., ana Branting, B. F., Ind. Eng. 
Chem., 20, 392-6 (192S). 


methylpyridine, and three tetramethylpyri- 
dines. 55 

In further work on low-temperature tar 
bases, in which temperatures above 120° C 
were avoided during the working up of the 
bases, the following compounds were iso- 
lated: aniline, pyridine, 2-methylpyridine, 
2,4- and 2,6-dimethylpyridine, 2,4,6-tri- 
m ethyl pyridine, quinoline, and 2-methyl- 
quinoline, plus a group of basic amorphous 
substances which were classified under the 
name of resinamines. In the aqueous 
liquors from the tar were also isolated 
aniline, pyridine, and 2-methylpyridine. 56 
The following compounds were obtained 
from the gasoline fraction of a Zhurinsk 
primary tar: aniline, pyridine, 2- and 4- 
metkylpyridine, and 2,4- and 2,6-dimethyl- 
pyridine. From the kerosene fraction was 
isolated a methylquinoline. Hydrogena- 
tion of a 265-325° C fraction of bases 
wielded primary amines, n-methylaniline, 
and ?£-dimethvlaniline, but no hydrogenated 
tertiary bases. 57 Peat generator gas tar 
was found to contain 2.5 percent of nitro- 
gen-containing bases extractable with sul- 
furic acid. The following -were identified: 
aniline, pyridine, 2,3- and 2, 5-dimethyl-, 
2,3,5-trimethyl-, 1,2,3,4-tetramethyl-, 4- 
methyl 2-ethyl-, 3-ethyl-, and 3-isopropyl- 
pvridine, quinoline, isoquinoline, methyl- 
and dimethylquinoline, benzylquinoline, 
carbazole, acridine, methylaeridine, and 
skatole. 58 

As seen above, most of the bases isolated 

55 Komatsu, S., and Mohri, A., J. Chem. Soc. 
Japan, 52, 722-6 (1931) ; Chem. Ahs., 26, 4936 
(1932). 

56 Morgan, G. T., J. Soc. Chem. Ind., 51, 67- 
SOT (1932). 

57 Rapoport, I. B., and Kosolapov, Z. E., Khim. 
Tverdogo Topliva, 4, 323-32 (1933) ; Chem. Ahs., 
28, 6280 (1934) ; Khim. Tverdogo Topliva, 5, 
448-55 (1934) ; Chem. Ahs., 29, 7050 (1935). 

5S Kashtanov, L. I., Buloehnikov, M. V., and 
Zlotnikova, 0. L., J. Applied Chem. (U.S.S.R.), 
9, 737—41 (1936) ; Chem. Ahs., 30, 7821 (1936). 
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from low-temperature tar are pyridine and 
quinoline derivatives. Four and one-half 
percent of the bases found in a primary tar 
were primary amines, and 2,4,6-trimethyl- 
pyridine was also isolated. 59 Other inves- 
tigators 60 have failed to find primary 
amines in low-temperature tar, the tars 
containing: (1) 56 percent secondary, 44 
percent tertiary amines (with traces of pri- 
mary amines, pyridine, methylpyridine, 
diethylamine, and triethylamine in the 
aqueous liquor) ; 60a (2) 20 percent sec- 
ondary and 80 percent tertiary bases; 606 
(3) 15 percent secondary and 85 percent 
tertiary bases, 600 respectively, as reported 
by the above-mentioned authors. Second- 
ary amines were found to predominate in a 
low-temperature tar with primary amines 
apparently absent. 61 Pyridine, 2-methyl-, 
2,4-dimethyl-, 3,4-dimethyl-, 2,4,6-trimeth- 
ylpyridine, quinoline, and 2-methylquino- 
line have been isolated from primary tar. 62 
The presence of acetonitrile has also been 
reported in the same material. 63 In a low- 
temperature light oil 0.045 and 0.9 percent, 
respectively, of aniline and pyridine bases 
were found which correspond to 0.0004 
and 0.009 percent, respectively, based on 
the coal. 

The yield of ammonia obtained from 
commercial low-temperature coking varies 
greatly with the nitrogen content and the 

59 Gollmer, W., Brennstoff-Chem 4, 1-9, 19-24 
(1923). 

60 (a) Brittain, A., Rowe, F. M., and Sinnatt, 

F. S., Fuel, 4, 263-9, 299-307, 337-40 (1925). 
(ft) Morgan, J. J., and Soule, R. F., CJiem. Met. 
Eng., 26, 923-8, 977-81, 1025-30 (1922). (c) 

Parrish, E., and Rowe, F. M., J. Soc. Chem. Ind., 
45, 99-106T (1926). 

61 Edwards, K. B., J. Soc. Chem. Ind 43, 143— 
56T (1924). 

62 Schiitz, F., Busehmann, W., and Wissebaeh. 
H., Ber 56, 162-9, 869-74, 1967-75 (1923), 57, 
421-23 (1924). 

63 Schiitz, F., and Busehmann, W., Stahl u. 
Eisen, 45, 1232-42 (1925). 


manner of its linkage in the coal, the tem- 
perature used, the manner and rate of 
heating, and the time-temperature path of 
the tar vapors from their origin to their 
escape from the retort. The low-tempera- 
ture distillation of bituminous coal at 
500° C has been reported to yield 20 kilo- 
grams of ammonium sulfate per 1,000 kilo- 
grams of coal, which is a higher yield than 
is obtained from high-temperature cok- 
ing. 64 Most authors, however, give figures 
of about 6 to 7 kilograms of ammonium 
sulfate per ton of coal. 65 The low-tem- 
perature distillation of brown coal and peat 
for recovery of ammonia is not practicable 
owing to the high water content of these 
fuels which causes the ammonia to be pres- 
ent in very dilute solutions (0.03 to 0.07 
percent ammonia). 

High-Temperature Distillation 

High-temperature distillation products 
are characterized by their high aromatic 
content. Unrefined high-temperature light 
oil contains 1 to 3 percent of nitrogen bases 
consisting principally of pyridine and its 
derivatives with small quantiiies of aniline 
and pyrrole and 0.2 to 0.3 percent of ni- 
triles (aceto- and benzonitrile). 66 The 
quantity of nitrogen bases obtained in the 
distillation of American coals over the tem- 
perature range of 500-1,100° C does not 
vary appreciably. 49 A 2.3 percent yield of 
tar bases (mainly pyridine, methylpyridines 
and dimetkylpyri dines, quinolines, and 
acridine) plus a 2.3 percent yield of carba- 
zole and similar compounds have been re- 
ported from coke-oven tar. 67 2-, 3-, 4-, 5-, 

64 Tremus, G., J. Gasbeleucht., 63, 397-S 
(1920). 

65 Thau, A., Gluckauf, 61, 6S2 (1925) ; Brenn- 
stoff-Chem. , 6, 324 (1925). 

66 Lunge, G., Coal Tar and Ammonia , D. Van 
Nostrand, New York, 5th ed., 1916, part 2, p. 855. 

67 Weiss, J. M., and Downs, C. R., Ind. Eng. 
Chem., 15, 1022-3 (1923). 
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and 7-methylindoles have been isolated 
from coal tar. es In certain coal-tar oils 
boiling around 300° C, containing about 6 
percent of tar bases, these bases were found 
to consist mainly of quinoline and isoquino- 
line derivatives of unknown structure plus 
a small quantity of primary amines from 
which were isolated a- and /3-naphthyla- 
mines. The crude-tar base, b.p. 290- 
296° C, contained S to 10 percent of these 
two amines as judged from acetylation ex- 
periments. 09 2,3-Benzocarbazole has been 
isolated from medium-soft tar pitch; 70 
this compound had previously been ob- 
tained from coal tar. 7X The bases from 
anthracene oil (b.p. 270-350° C) have been 
fractionally distilled, but a separation into 
pure compounds was unsuccessful. 72 By 
chromic acid oxidation of the bases (b.p. 
1S0-200 C C 30 mDa ) to form acids followed by 
preparation of phenylphenacyl esters, de- 
rivatives were obtained which indicated the 
presence of a dialkylquinoline or isoquino- 
line compound. From the fraction of b.p. 
100—110' C 2rnm , six picrates were obtained 
of m.p. 201, 1S1, 212, 230, 203, and 19S 5 C. 
The first two picrates belonged to the series 
C 10 H 0 X, and the last four to the series 
CnH n N. The picrate of m.p. 198° C cor- 
responded to that of 5,8-dimethylquinoiine; 
the other bases appear to be new, although 
the 230 s C picrate is possibly identical with 
2,3-dimethylquinoline picrate isolated by 
Bailey from petroleum, which was found to 
melt * at 231° C. The 230 and 201 s C 
melting picrates have the same melting 
points as 4,6-dimethyl and S-methvlquino- 
line, respectively, but mixed melting points 

esKrnber, O., Ber., 59B, 2752-60 (1926), 62B, 
2877-80 (1929). 

69 Kruber, O., Ber., (S6B, 1653-4 (1933). 

to Cook, J. W., Hewett C. 3u, and Rieger, I., 
J. Chem. Soe., 1933, 395-S. 

Ti Griibe, C., and Knecht, W.. Ber., 12, 341-3, 
2242-3 (1879) ; Ann., 202, 1-19 (1880). 

72 Gangnli, S. K., and Gnba, P. C.. J . Indian 
Chem. Soc., 11, 197-206 (1934). 


with authentic samples showed depres- 
sions. The picrates of melting point 181° 
and 201° C are possibly those of 5- and 
7-methyliso quinoline. 

The bases from a pitch distillate were 
fractionally distilled and several amines 
isolated, among which were identified o- 
toluidine and /3-naphthylamine. One of 
the higher-boiling amines was considered 
to be a highly condensed heterocyclic nitro- 
gen compound corresponding to pyrene. 73 
Carbazole, acridine, and a benzocarbazole 
have been found in a bituminous coal- 
tar pitch distillate (boiling range 230- 
435 c C). 74 

Nearly all the nitrogen-containing con- 
stituents of high-temperature coal tar are 
basic and form water-soluble salts with 
mineral acids. Some of these compounds 
are weak bases (pyrrole, indole, carbazole, 
benzocarbazole), and their salts are easily 
hydrolyzed; the majority of them have 
heterocyclic nitrogen atoms. The coal-tar 
bases boiling to 280° C may represent less 
than 0.5 percent by volume of the total 
tar. Distillation concentrates the bases, 
however, so that as much as 4 percent of 
mixed bases may be present in the tar oils 

TABLE XVI 


Typical Coal-Tar Bases 75 


Boiling Range 

Name 

Percent 

C C 

Pyridine 

7 

124-145 

Picolines 

10 

145-170 

Lutidines 

7 

170-180 

Collidines 

3 

180-230 


30 

230-240 

Quinolines 

24 

240-280 


19 


73 Hofmann, F., and Boente, L., Brennstoff- 
Chem., 14, 381-2 (1933). 

74Zerbe, C., and Eckert, F., ibid., 14, 1-3 
(1933), 15, 28-31 (1934). 

75 Wilson, P. J., Jr., and Wells, J. H., Ind. 
Eng. Chem., News Ed., 14, 487-8 (1936). 
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TABLE XVII 


Nitrogen Bases Isolated from High-Tem- 
perature Coal Tar 76 


Name 

Boiling 

Point 

Melting 

Point 

Pyrrole 

°C 

131 

°C 

Pyridine 

115 

-42 

Aniline 

184 

-8 

2-Methylpyridine 

129 


3-Methylpyridine 

143 


4-Methylpyridine 

145 


0-Toluidine 

200 

-16 

2. 3- Dimethylpyridine 

2.4- Dimethylpyridine 

164 


157 


2,5-Dimethylpyridine 

163 


2,6-Dimethylpyridine 

143 


3,4-Dimethylpyridine 

164 


Indole 

253 

52.5 

Dimethylaniline 

193 

2.5 

Trimethylpyridine 

165-8 


2,4,5-Trimethylpyridine 

167 


2,4,6-Trimethylpyridine 

171 


2-Methylindole 

271 

61 

3-Methylindole 

265 

95 

4-Methylindole 

267 

5 

5-Methylindole 

267 

60 

7-Methylindole 

Tetramethylpyridine 

266 

85 



1 ,2,3,4-Tetramethylpyridine 233 

-23 

Quinoline 

238 

Isoquinoline 

242 

24 

2-Methylquinoline 

247 

16 

3-Methylquinoline 

260 

4-Methylquinoline 

264 

10 

5-Methylquinoline 

263 

19 

6-Methylquinoline 

259 

*39 

7-Methylquinoline 

258 

8-Methylquinoline 

248 

*io 

1-Methylisoquinoline 

255 

3-Methylisoquinoline 

252 

65 

I-Naphthylamine 

301 

50 

2-N aphthylamine 

306 

112 

Dimethylquinoline 


*30 

1 ,3-Dimethylisoquinoline 
2,8-Dimethylquinoline 

262 

255 

23 

5,8-Dimethylquinoline 

100-1 02 mm 

245 

Carbazole 

352 

Acridine 

346 

110 

Phenanthridine 

349 

106 

Hydroacridine 

300 (dec.) 169 

2-Methylcarbazole 

363 


3-Methylcarbazole 

365 

207 

Benzocarbazole 

450 

340 


boiling to 280° C. The proportions of 
some of the principal bases are shown in 
Table XVI. 75 

Table XVII lists the amines and hetero- 
cyclic nitrogen compounds which have been 
isolated from high-temperature coal tar. 76 

The nonbasic nitrogen compounds iso- 
lated from high-temperature coal tar are 
listed in Table XVIII. 


TABLE XVIII 

Nonbasic Nitrogen Compounds Isolated 
from High-Temperature Coal Tar 76 



Boiling 

Melting 

Name 

Point 

Point 


C C 

C C 

Acetonitrile 

79 

-41 

Benzonitrile 

196 

-13 

1-Naphthonitrile 

297 

34 

2-Naphthonitrile 

304 

67 


The formation of ammonia in high-tem- 
perature distillation of coal also greatly de- 
pends on the nitrogen content of the fuel, 
the retort temperature, the presence of 
moisture and other inert gases, the time- 
temperature path of the gases, and the 
velocity of heating. The amount of am- 
monia formed in high-temperature coking 
varies from S.O to 13.0 kilograms of am- 
monium sulfate per ton of coal. More 
ammonia is obtained when the coal is 
heated slowly (as in a coke oven in con- 
trast to a gas retort). In the coke oven 
the moisture, slowly evolved from the coal, 
reacts with the glowing coke and converts 
some of the coke nitrogen into ammonia. 

The division of nitrogen among the 
products obtained from high-temperature 
coking is given in Table XIX. 

The division of nitrogen among the prod- 
ucts of high-temperature distillation also 
depends on the geological age of the coal, 

76 Fisher, C. H., V. 8 . Bur. Mines , Bull. 412, 
31-2 (1938). 
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TABLE XIX 

Division of Nitrogen among High-Temperature Coking Products 


Nitrogen Content 


Coals 

Coal 

Coke 

Tar 

HCN 

NH S 

Gas (Loss) 


percent 

percent 

percent 

percent 

percent 

percent 

Westphalian 1 77 

1.55 

30.00 

1.3 

1.8 

11.8 

55.0 

Westphalian II 77 

1.48 

35.6 

1.4 

1.8 

14.1 

47.1 

W T estphalian III ss 

1 .48-1.61 

31-36 

1.0-1. 3 

1. 5-2.0 

10-14 

46-56 

Saar 77 

1.1S 

63.9 

4.1 


15.9 

16.1 

English 1 7S 

1.73 

4S.6S 


1.56 

14.50 

35.26 

English II 73 

1.57 

43.31 

2. 98 

1.43 

15.16 

37.12 

English IV 81 

1.43 

58. 3 

3.9 

1.2 

17.1 

19.5 


TABLE XX 

Effect of Age of Fuel on Distribution of Nitrogen in High-Temperature Distillation 

Products 82 


Bituminous Coals from 


Bohemian 



West- 



phalia 

Saar 

Nitrogen in coal 

1 .50 

1.06 

Percent of total nitrogen in coke 

SO 

57 

Percent of nitrogen volatilized 

20 

43 


| that is, upon the chemical structure of the 
nitrogen compounds present. The older 
coals require a higher temperature for 
maximum evolution of ammonia and more 
nitrogen remains in the coke; the nitrogen 
compounds of the older coals are more 
thermally stable. This is illustrated in 
Tables XX 52 and XXI. 33 

Older coals, having a smaller oxygen con- 
tent than younger coals, are thus able to 
form less water during thermal decompo- 
sition and hence less steam is available to 

7 ? Knublauch, J. Gasbeleucht 3S, 753-57, 769- 
73 (1895). 

78 Foster, W., J. Gas Lighting . 40, 10S1-2, 
112-4-6 (1882) ; J. Chem. Soc., 43, 105-10 

(1883). 

70 Short, A., J. Soc. Chem. Ind 26, 5S1 (1907). 

so Knublauch, J. Gasbeleucht., 26, 440-48 
(1SS3). 

si McLeod, J., J. Soc . Chem . Ind., 26, 137-9 
(1907). 

S2 Heckel, W., Stahl u. Eisen, 33, 402-5 (1913). 

83 Christie, M. G., ibid,, -30, 1243 (1910). 


Eng- Bohe- 

Saxony Silesia land mia Leaf Brown 
1.20 1.37 1.45 1.36 1.49 0.52 

64 70 72 69 44 38 

36 30 28 31 56 62 

TABLE XXI 

Effect of Age of Fuel on Distribution of 
Nitrogen in High-Temperature Distilla- 
tion Products 83 




Gas Coal 

Fat 

Anthra- 


Peat 

(York- 

(Consoli- 

Coal 

cite 

(Bremen) 

shire) 

dation) 

(Aachen) 

(Aachen) 

Coke yield 
Percent of total 
nitrogen in 

31.74 

64. 4S 

QS.57 

77.32 

94.80 

coke 

Percent of total 
nitrogen in 

24.02 

42.63 


54.0 

63.64 

ammonia 
Percent of total 
nitrogen 
otherwise 

40. 2S 

29.45 

29.07 

33.78 

25.85 

volatilized 

35.70 

27.92 

27.33 

12.19 

10.51 


protect the ammonia from decomposition 
into elementary nitrogen. 84 At tempera- 
tures above 300° C, the organic nitrogen 
compounds in the coal are decomposed, 

0., ibid., 30, 1243 (1910). 
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forming ammonia; ammonia is also formed 
by the action of steam on the nitrogen in 
the coke, as in the Mond process . S5 The 
presence of gases such as nitrogen inhibits 
the thermal decomposition of ammonia into 
its equilibrium products: 

2NH* N, 4- 3H 2 

However, for all practical coal coking pur- 
poses the above reaction may be consid- 
ered to be irreversible, that is, proceeding 
only in the direction of ammonia decom- 
position. Steam also seems to have a spe- 
cific protective action against the thermal 
decomposition of ammonia, because it ex- 
erts this protection when it is present in 
such small amounts that the mere dilution 
of the ammonia is negligible. This may be 
due to the formation of ammonium hydrox- 
ide. 86 Steam is preferentially adsorbed on 
iron surfaces; it has been suggested that 
this fact best explains the protective action 
of steam on the thermal decomposition of 
ammonia. Hydrogen chloride and other 
volatile acids as well as hydrogen sulfide 
also exert a protective action on the am- 
monia, whereas the presence of oxygen 
favors the decomposition of ammonia. 

In a study of the linkage of nitrogen in 
coal Terres 87 postulated that, during the 
heating of coal, all the nitrogen which is 
evolved leaves the coal in the form of am- 
monia and that the other volatile nitrogen- 
containing compounds which ultimately ap- 
pear, such as elementary nitrogen, cyano- 
gen, and hydrogen cyanide, are formed as 

55 Eastwood, A. H., and Cobb, J. W., Gas 
World , 93, 597-9 (1930) ; Brennstoff-Chem ., 13, 
91 (1931). 

56 Trenkler, H. R., cf. Gluud, W., Handbuch 
der Kokerei, Wilbelm Knapp, 1927, Halle, Vol. I, 
p. 85 ; see also Glund, W., and Jacobson, I). L., 
International Handbook of the By-Product Cok- 
ing Industry j Chemical Catalog Co., New York, 
1932. 

87 Terres, E., J. Gasbeleucht., 59, 519-21 

(1916). 


the result of secondary reactions. To find 
out what types of nitrogen linkages will 
actually yield ammonia on dry distillation, 
organic compounds containing amino, sub- 
stituted amino, azo, hydrazo, isonitrile, and 
nitro groups were pyrolyzed. The com- 
pounds actually used were: glycine, as- 
paragine, albumin, animal gelatin, pyridine, 
azobenzene, acetonitrile, phenyiisocvanate, 
hydrazobenzene, and nitrobenzene. It was 
found that only compounds containing 
amino or substituted amino groups yielded 
ammonia on pyrolysis, and it was con- 
cluded that the nitrogen in coal must be 
held in this type of linkage. 

However, it must be remembered, in 
dealing with coal, that a high-molecular- 
weight, low-volatile substance is involved 
and, on heating, the primary decomposition 
process may yield a variety of compounds 
which contain amino or substituted amino 
groups although the nitrogen in the coal 
may have originally been linked in some 
quite different fashion. At least there is 
no direct experimental evidence to indicate 
that amino or substituted amino groups are 
present, as such, in coal. It is possible to 
detect amino groups in peat and in humic 
acids by the carbylamine test, but it is not 
possible to detect such groups in any of the 
higher-rank fuels. 83 Furthermore, from 
evidence obtained in a study of petroleum 
bases, 42 it is found that basic heterocyclic 
nitrogen compounds are formed on mere 
distillation of petroleum, although such 
basic compounds are not present, in a free 
state, in the original material. 

The behavior of coal nitrogen during 
pyrolysis has been studied by heating a 
Saxony bituminous coal in a platinum cru- 
cible for 7 minutes at various temperatures 
and determining the nitrogen remaining in 

88 Christie, M. G., dissertation, Aachen, 1908. 
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the coke. 89 The results are shown in Table 
XXII. In considering these figures the un- 
certainty of the determination of nitrogen 
in coke should be kept in mind; this un- 
certainty probably explains the irregulari- 
ties in the series. 

TABLE XXII 

Effect of Temperature on Nitrogen Re- 
maining in Coke 53 



Nitrogen Re- 

Temperature 

maining in Coke 

of Crucible 

(Dry, Ash-Free) 


percent 

Original coal 

1.71 

500-520 

1.49 

520-530 

1.17 

550-560 

1.49 

600-620 

1.31 

650-670 

1.26 

700-710 

1.39 

750-770 

1.19 

800-S20 

1.02 

S50-S75 

1.41 

900-930 

0.72 

950-975 

0.94 

1,000-1,020 

0.47 


The division of nitrogen among the prod- 
ucts formed during the distillation of peat 
at 5Q0 3 C is essentially the same as that 
obtained in coking a bituminous coal at a 
much higher temperature. 17 When peat 
was distilled at different temperatures the 

TABLE XXIII 


Effect of Temperature on Distribution of 
Nitrogen in Peat Distillation Products 17 




High Moor 

Low Moor 



450= C 

550° C 

800= C 

650 c C 



percent 

percent 

percent 

percent 

Total nitrogen in tar 

0.56 

0.65 

0.S6 

3.24 

Total nitrogen 

ap- 





pearing as 
bases 

free 

11.0 

10.0 

10.6 

17.8 

Bound bases 


3.0 

3.9 

1.7 

3.4 

89 Kunie, 

0 ., 

Brennstoff ' Chem 9, 

295-8 


(1928). 


percentage of the total nitrogen of the tar 
found in the form of so-called free bases 
is shown in Table XXIII. 

By direct extraction of the bases from 
the tar with warm sulfuric acid the ratio 
of basic to nonbasic nitrogen in the extract 
was that shown in Table XXIY. The 

TABLE XXIV 


Ratio of Basic to Nonbasic Nitrogen in 
Peat Tar 17 



Free Bases 

From Acid Extraction 


from Nitrogen 

Basic 

Nonbasic 

Tar 

Balance 

Nitrogen 

Nitrogen 

c C 

percent 

percent 

percent 

450 

11 

11 

89 

550 

10 

20 

80 

650 

17.8 

30 

70 

800 

10.6 

13 

87 


major part of the nitrogen in the tar is 
linked in the form of nonbasic nitrogen. 
The higher values for basic nitrogen ob- 
tained in the extraction experiments is 
explained as due to the inclusion of some of 
the bases present in the pitch-forming con- 
stituents (“bound bases”). 

The relative amounts of primary, second- 
ary, and tertiary bases in the peat tar 
were also determined and are given in 
Table XXV. Table XXV shows that the 
tertiary bases strongly predominate in the 
tar. The isolation of pure individual com- 
pounds from the various fractions was at- 

TABLE XXV 

Ratio of Primary, Secondary, and Tertiary 
Bases in Peat Tar 17 

Peat Tar Prepared at 



450 * 

550 * 650* 

650 t 

800 * 


°C 

°C 

' °C 

°C 

°C 

Tertiary bases, percent 
Secondary bases, per- 

83.8 

88.4 

87.3 

89.9 

86.3 

cent 

10.6 

8.8 

6.7 

5.0 

6.4 

Primary bases, percent 

0.8 

1.7 

1.3 

1.2 

2.8 


* Nitrous acid method, 
t Benzenesulfonechloride method. 
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tempted but failed with the exception that 
one compound, probably dihydroquinoline, 

^ N 

, m.p. of picrate = 160-1° C, 

Eb 

H 2 

was isolated from the 250-5° C fraction of 
the bases from the 650° C tar. 

The majority of the bases -which have 
been isolated from both low- and high- 
temperature distillation of solid fuels are 
identical. Low-temperature distillation, 
therefore, represents a sufficiently severe 
thermal treatment to convert the nitrogen- 
containing compounds present in solid fuels 
largely into purely aromatic type bases 
such as pyridines, quinolines, etc., although 
there is evidence to the effect that consid- 
erable amounts of secondary amines are 
present in low-temperature tar. This may 
mean that hydroaromatic bases are also 
present such as were found in the products 
resulting from solvent extraction and from 
vacuum distillation. 

Gasification 

Gasification of coals and peat by incom- 
plete combustion with air or steam, or both, 
volatilizes all the nitrogen from both the 
coal and its coke. The form in which the 
nitrogen finally appears depends on the 
manner of gasification. The gasification 
process is preceded by low-temperature 
and then high-temperature coking, these 
processes being brought about by the hot 
gases produced by the combustion of the 
coal in the lower levels of the generator. 
The fate of the nitrogen-containing com- 
pounds then depends on the velocity of 
gasification, the amount of steam present, 
the amount of air blown through the 
charge, and the temperature. If no steam 
is present no ammonia results and all the 



nitrogen in the coal appears as elementary 
nitrogen just as in combustion. By addition 
of steam during the gasification, nearly theo- 
retical yields of ammonia can be obtained 
(Mond process). Gasification yields very 
little information about the type of nitro- 
gen linkages in coal. 

Combustion 

In the combustion of solid fuels all the, 
nitrogen is volatilized and appears in the 
combustion products as elementary nitro- 
gen, oxides of nitrogen, etc. A direct si- 
multaneous method for the microdetermi- 
nation of carbon, hydrogen, and oxygen in 
solid fuels, based on combustion, has been 
developed. 90 Before being applied to solid 
fuels the method was first tried with pure 
organic compounds containing a variety of 
nitrogen linkages. 91 It was found that 
compounds containing heterocyclic nitro- 
gen, nitrile and nitro groups, or amino and 
amide groups, when subjected to complete 
combustion in oxygen, fell into two distinct 
groups so far as the amount of “oxygen 
consumed” during their combustion is con- 
cerned. When bituminous coals were sub- 
jected to combustion by the same method 
it was found that much more reasonable 
results were obtained for their oxygen con- 
tents when it was assumed that the nitro- 
gen in the coal is bound in a linkage of the 
first type rather than in the form of amino 
or amide groups. Among the linkages of 
the first type the heterocyclic nitrogen link- 
age seemed the most likely to be present 
in coal. When the same method was ap- 
plied to a “nitro humic acid,” the results 
confirmed the suggestion 92 that the nitro- 
gen, added to coal on treatment with nitric 
acid, is present in the form of an isonitroso 

so Kirner, W. B., Ind. Eng. Chem Anal. Ed., 
S, 57-61 (1936). 

91 Kirner, W. B., ibid., 7, 366-8 (1935). 

92 See pp. 201-2 of ref. 4. 
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ketone linkage. With coke the best results 
were obtained on the assumption that all 
the nitrogen of the coke is finally present 
in the combustion products as elementary 
nitrogen. 

Oxidation 

Very little attention seems to have been 
devoted to the fate of nitrogen in coal 
which has been subjected to oxidation. On 
'benzene pressure Soxhlet extraction 100 
grams of Estevan brown lignite (0.95 per- 
cent nitrogen, dry, ash-free) gave a residue, 
95.5 grams (nitrogen content not reported), 
which, on partial alkaline permanganate 
oxidation, yielded '‘regenerated” humic 
acids, 57.2 grams, containing 1.2 percent 
nitrogen (dry basis). 93 This indicates that 
the nitrogen compounds present in the 
humic acids are resistant to oxidation. 
Humic acids, prepared by oxidation of coal 
with 1.0 A' nitric acid, have considerable 
nitrogen introduced into the molecule. 
Thus, humic acids prepared in this way by 
oxidizing for approximately one week con- 
tain 2.73 to 4.05 percent nitrogen. 9 * The 
nitrogen content of such products dimin- 
ishes as the oxidation continues. (See 
Table XXVI. 95 ) 


TABLE XXVI 

Effect of Oxidation on Nitrogen Content 
of Oxidized Coal 55 



Nitrogen Content 


o~Day 

52-Day 


Oxidation 

Oxidation 


percent- 

percent 

Humic acids 

9.2 

0.8 

Soluble acids 

4.5 

3.1 


93 Bone, W. A., Horton, L., and Ward, S. G., 
Proc . Roy . Soc. (London), 127A, 485, 504-5 
(1930). 

94 Smith, R. C., and Howard, H. C., J. Am. 
Chem. Soc., 57, 512-16 (1935). 

95 Juettner, B., Smith. R. C., and Howard, H. 
C., ibid., 57, 2322-6 (1935). 


This behavior is explained as due to a 
part of the nitrogen in the humic acids 
being held in the form of isonitroso ketone 
groups, 92 which are removed by hydrolysis 
during the later stages of the oxidation. 
However, the fact that some nitrogen is 
stiil retained even after 52 days of reflux- 
ing with the oxidation mixture indicates a 
resistant type of structure. Adore convinc- 
ing evidence of the presence of nitrogen 
which is resistant to oxidation was ob- 
tained by oxidizing coal with gaseous oxy- 
gen in aqueous alkali at 225° C and 25 
atmospheres. 96 No nitrogen could have 
been added by the reagents. The so-called 
aromatic acids thus obtained contained 0.45 
percent nitrogen. On decarboxylation of 
these acids with aqueous alkali the odor of 
pyridine could be plainly detected. 

A clue to the probable type of such 
nitrogen has been found. 97 When nitrogen 
in coal is determined by the Kjeldahl 
method, if the digestion is stopped as soon 
as the sulfuric acid becomes clear, the 
values for nitrogen are always low. Beet 
Kjeldahlized 1,000 grams of a coal which 
contained 1.7 percent nitrogen; of the 17.0 
grams of nitrogen present, 13.6 grams w r ere 
accounted for as ammonia after digestion 
with sulfuric acid until a clear solution w^as 
obtained (72 hours). On working up the 
product to determine the source of the loss 
of 3.4 grams of nitrogen he obtained a dry 
product of winch 9 grams was alcohol-sol- 
uble (containing 7.2 percent nitrogen) and 
21 grams alcohol-insoluble (containing 2.4 
percent nitrogen). These substances ac- 
counted for 1.15 grams or 33.8 percent of 
the loss. 

From the alcohol-insoluble fraction were 
isolated crystalline silver salts which, on 
analysis for carbon, hydrogen, nitrogen, and 

96 Smith, R. C., Tomarelli, R. C., and Howard, 
H. C., J. Am. Chem. Soc., 61, 2398-2402 (1939). 

97 Beet, A. E., Fuel, 19, 108-9 (1940). 
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silver, gave values between those theoreti- 
cally required for pyridine mono- and di- 
carboxylic acid. Heating the silver salts 
with soda lime gave pyridine and ammonia. 
From the alcohol-soluble portion was iso- 
lated a silver salt which analyzed reason- 
ably closely to that of a pyridine mono- 
carboxylic acid. X-ray spectrograms indi- 
cated that the silver salt was that of nico- 




tinic acid, 


0 

I! 

i— C— OH 


It was also 


N 


found that 240 hours' digestion of nicotinic 
acid with sulfuric acid was necessary to 
convert all its nitrogen into ammonia. Di- 
gestion for shorter periods gave pyridine 
along with ammonia. The addition of 
catalysts, e.g., potassium sulfate, mercuric 
oxide, and selenium, materially shortens 
the time necessary to convert all the nitro- 
gen to ammonia, but only with potassium 
sulfate and selenium was no pyridine for- 
mation observed. 

When humic acids are oxidized with fum- 
ing sulfuric acid, the nitrogen present in 
the original material is practically quanti- 
tatively recovered in the oxidized humic 
acids. 98 It therefore appears that the nitro- 
gen in the original humic acids is very 
firmly fixed in the carbon nucleus, possibly 
in heterocyclic rings. 


Hydrogenation 

Coals of various ranks have been hydro- 
genated with phosphorus and hydriodic 
acid under pressure and at temperatures 
from 200 to 280° C." It was found that 


hydrogenation was easiest and proceeded 
farthest with young coals, as based on the 
amount of material extractable with chloro- 
form. With a gas flame coal, the youngest 
of the bituminous coals, it was found that 
the hydrogenation product was completely 
nitrogen free whereas the hydriodic acid 
solution contained considerable quantities 
of ammonia and organic amines. 

A Lower Silesian coal, in the form of 
dust, was hydrogenated, the crude oil ob- 
tained was distilled, and the bases present 
in the various fractions were extracted; 
they amounted to 3.8 percent of the crude 
oil. 100 Preliminary experiments indicated 
the presence of primary bases but no pyr- 
role derivatives. The bases were diazo- 
tized, and the nitrosoamines and phenols 
formed from the diazonium salts were sep- 
arated from the tertiary amine salts by 
extraction with ether. The phenols which 
were isolated indicated the presence of ani- 
line, toluidines, and xvlidines. No products 
could be identified among the nitrosoamines, 
owing to their resiniSeation. Pyridine was 
found to be absent in the tertiary base 
fraction. The following substances were 
definitely identified: 2.4,6-t rimethylpy ri- 
dine, quinoline, 2-methyl quinoline, and iso- 
quinoline; three additional unidentified 
bases were also isolated. 

A brown coal semicoke was also hydro- 
genated and a cursory study made of the 
bases present in the tar. 101 A fraction of 
boiling point 1SG-200" C consisted of pri- 
mary bases to the extent of 33 percent. 

An Eocene brown coal, containing 1.04 
percent nitrogen, was hydrogenated under 
110 atmospheres, cold pressure, and 470° C, 
and the manner in which the nitrogen was 
distributed in the products was investi- 


98 Pearson, A. R., J. Soc. CJiem. Ind. } 42, 68- 
72T (1923). 

99 Fischer, F., and Tropsch, H., Ges. Abhandl. 
Kenntnis KoJile , 2, 154-9 (1917). 


xooHeyn, M., and Dunkel, M., Brennsiofi- 
Chem ., 7, 20-25, Sl-7, 245-50 (1926). 

101 Tropsch. H., and Ter-Nedden, W., Brenn - 
stoff-Chem.j 6, 143-5 (1925). 
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gated. 102 (See Table XXVII.) Since, on 
dry distillation of this coal, only 12 to 20 
percent of the coal nitrogen was converted 
into ammonia, it is apparent that hydro- 
genation yields considerably larger amounts 
(41 percent). The nitrogen in the oil is 
mainly linked in the form of bases. 

TABLE XXVII 

Distribution of Nitrogen in Hydrogenated 
Brown Coal Products 102 

Percent 

Nitrogen of Coal 


In oil 31.4 

In ammonia (in gas) 11.8 

In ammonia (in water) 29 . 2 

In residue 19.2 

As nitrogen (Ns) S.4 


The bases present in brown coal benzine 
(boiling to 230 s C), prepared as above, 
have also been studied. 103 This benzine 
contained 3 percent of bases, which were 
extracted with 10 percent sulfuric acid and 
distilled as follows: start of boiling, 16Q C C, 
28 percent between 160 and 200 2 C, 20.5 
percent between 200 and 260° C, and 51.5 
percent distilled above 260° C. The bases 
were found to be about SO percent tertiary 
bases. 

It has been shown that the removal of 
nitrogen from coal by hydrogenation at 
1,000 pounds per square inch (cold pres- 
sure) and at temperatures from 385 to 
41 5 c C is slow and approximately constant 
and that complete removal of the nitrogen 
would he difficult by this method. 104 At 
415° C, a coal containing 1.7 percent nitro- 
gen yielded a pitch still containing 1.1 per- 
cent nitrogen after 12 hours of hydrogen- 
ation. Since the removal of oxygen by 

102 Von Makray, I., Brennstolf-Chem 11, 61-4 
(1930). 

103 Varga, J„ and von Makray, I., Brennstoff- 
Ghem.j 12, 21-2 (1931). 

104 Fisher, C. H., and Eisner, A.. Ind . Eng. 
Chem., 29, 1371-6 (1937). 


hydrogenation was very rapid during the 
first 3 hours and then sharply became much 
slower, it was considered probable that 
there are at least tw r o types of oxygen link- 
ages in the coal substance. The suggestion 
has been made that the easily removed oxy- 
gen is possibly of a linear ether type be- 
cause of the consequent diminution in the 
molecular weight of the coal substance, 
while the difficultly removable oxygen prob- 
ably corresponds to linkages of a different 
type, possibly heterocyclic ether linkages. 
By the same argument, the nitrogen in the 
coal would appear to be bound in a more 
or less uniform manner; that is, the link- 
ages appear to be of a single type. 

If the benzene pressure extract of a bitu- 
minous coal is fractionated into petroleum 
ether insoluble-ether soluble and petroleum 
ether insoluble-ether insoluble portions and 
the latter then hydrogenated over Adkins' 
catalyst at 100 atmospheres (cold pres- 
sure), practically all the nitrogen, as well 
as the oxygen and sulfur, are removed at 
a temperature of 425° C. 105 Biggs pictured 
the nitrogen atoms as being held in the coal 
molecule either in a heterocyclic ring or as 
a link between two earbocyclic nuclei, with 
a possible random distribution throughout 
the coal structure. 

Hydrogenation is probably the most ef- 
fective tool for the ultimate determination 
of the type of nitrogen linkages in coal, and 
it is suggested that future investigators who 
use hydrogenation methods on coal devote 
their attention to this interesting and as 
yet unsolved problem. 

Chlorination 

As a result of the exhaustive chlorination 
of a bituminous coal suspended in antimony 
pentachloride and treated with chlorine for 
6 days at 200° C, it has been found that 

105 Biggs, B. S., J. Am. Chem . Boc., 58, 484-7 
(1936). 
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the nitrogen content of the nonvolatile 
chlorinated residue was 50 percent higher 
than that of the original coal. 106 This in- 
crease in nitrogen content could not be 
traced to the reagents used. It was sug- 
gested that chlorination altered the nature 
of the nitrogen bonds in the coal so that 
the nitrogen which had previously escaped 
determination by the Kjeldahl method now 
became readily converted into ammonia 
during Kjeldahlization. In support of this 
suggestion it was observed that the chlori- 
nated residues were much more easily di- 
gested than the original coal samples. 

Other investigators 107 also found that a 
considerable portion of the nitrogen present 
in coal was retained in the nonvolatile 
chlorinated products. This has been taken 
as an indication that the nitrogen in coal 
is in a highly stable form and is an integral 
part of the ring structure of the coal. 

Action of Aqueous Alkali on Coal 

A bituminous coal was heated w T ith vari- 
ous concentrations of aqueous sodium hy- 
droxide solutions (from 1 N solution to 100 
percent) under pressure and at various 
temperatures up to 400° C. 10S The resi- 
dues remaining after this treatment in gen- 
eral had a higher nitrogen content than the 
original coal, indicating that the nitrogen 
became concentrated in the residues. The 
total nitrogen recoveries in some cases aver- 
aged over 100 percent, which was taken as 
an indication that here also the nitrogen 
in the residues had become more amenable 
to Kjeldahlization than in the original coal. 
The fact that the nitrogen content of the 
residues increased, coupled with the fact 109 

106 Weiler, J. F., J . Am. Chem. Soc 58, 1112-4 
(1936). 

107 Heathcoat, F., and Wlieeler, R. V., J. Chem. 
Soc., 135, 2839-47 (1932). 

los Kasehagen, L., Ind. Eng. Chem., 29, 600-4 
(1937). 

109 Kasehagen, L., private communication. 


that no appreciable odor of ammonia was 
observed on opening the bombs in which 
the reactions tvere carried out, certainly in- 
dicates that only insignificant amounts of 
the nitrogen in coal can be bound as amide 
linkages, for these would certainly be hy- 
drolyzed under sueh drastic conditions. 
This agrees with the statement 110 that the 
nitrogen compounds in coal split out only 
small amounts of ammonia when treated 
with aqueous alkali. 111 

Evidence obtained concerning the linkage 
of nitrogen in coal as deduced from com- 
bustion, oxidation, hydrogenation, chlori- 
nation, and hydrolysis indicates that the 
nitrogen in coal is highly resistant to such 
processes. This type of resistance is best 
explained on the assumption that a large 
part of the nitrogen in coal is held in the 
form of heterocyclic linkages or as linear 
linkages between large complex carbocyclic 
groups. 

The Nitrogen in Coke 

Relatively little information is available 
concerning the linkage of nitrogen in coke. 
Ordinarily, coke prepared at high tempera- 
ture contains 0.4 to 1.5 percent nitrogen 
which is held in an extremely heat-stable 
combination. The nitrogen-containing com- 
pounds in coal, on being rapidly super- 
heated to temperatures above 750° C, 
undergo decomposition during which reac- 
tions occur between the nitrogen and car- 
bon atoms forming thermally stable com- 
plexes which are represented as C r N y and 
which are called ‘'‘carbon nitrides/'* ss At 
temperatures above 950° C, these com- 
pounds also begin to decompose with loss 
of elementary nitrogen as shown in Table 
XXVIII. The fact that treatment of coke 

no Strache, H., and Lant, R. ? Kohlenchemie , 
Akademisehe Verlagsgesellsckaft, Leipzig, 1924, 
p. 283. 

in See p. 79 of ref. Sa. 
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TABLE XXVIII 

Effect of Temperature on Loss of Nitro- 
gen from Coke * 

Loss Ir; Hourly 
Nitrogen Los? 




Nitrogen 

ill UOiiC 

'Percent -Percent 

Time of 

Tempera- 

Before 

After 

of Total c? Tc-tu. 

Heating 

ture 

Heating 

Heating 

Nitrogen!- Nitrogen 

hours 

°C 

percent 

percent 


12 

Soft 

1.53 

1.61 


15 

950 

1.76 

1.1! 

13 1 

34 

1,3-50 

1.67 

0. 

SO 2 

7 

1,450 

1.32 

u. 4$ 

63 9 

2.5 

1,500-1,900 

1.67 

0. 21 

ST 35 


with steam (the Monel process) results in 
nearly quantitative removal of the coke 
nitrogen as ammonia is in accord with the 
assumption that the nitrogen is bound to 
the coke in a manner similar to that in 
organic nitriles. 

Another point of view represents the 
nitrogen in coke being held in the form of 
ring compound:. 112 Since low-temperature 
coke contains a considerable amount of 
nitrogen and since such coke does not con- 
sist of elementary carbon but rather of a 
mixture of carbon-rich organic compounds, 
it is believed unlikely that the nitrogen in 
such compounds would he held in the form 
cf “‘nitrides.”' However, since not all the 
nitrogen can he removed from coke by 
thermal treatment alone, regardless of hew 
high a temperature is used, the nitrogen 
may possibly be held as nitrides in high- 
temperature coke. 

More recently the results of an experi- 
mental study of the reactions of synthetic 
nitrogenous chars have been compared with 
those obtained on an essentially ash-free 
coke. 113 A Ruhr gas coal containing 1.72 
percent nitrogen was extracted with hot 
hydrochloric and hydrofluoric acids. The 

ns See p. 410 of ref. 110. 

ns Wibaut, J. P. y Proc. Intern. Conf. Bitumi- 
nous Coal, 3rd Conf. f 1, G65-73 * 1031 ), Van tier 
Ley, P. H., and Wibaut J. P.. lire. trar. chim ., 
I- 1143-56 (1932). 


ash content was reduced from 2.4 to 0.2 
percent while the nitrogen content was not 
appreciably changed. This coal was coked 
at 1,000' C, and the resulting coke con- 
tained 0.3 percent ash and 1.7 percent 
nitrogen. The nitrogen content of the coke 
was independent of the ash content, and it 
was concluded that the nitrogen in the coke 
must be present in organic combination. 

The synthetic nitrogenous chars shown 
in Table NXIX were prepared. 113 The 
amount of nitrogen fixed depended on the 
properties of the char sample. The chars 
did not take up any nitrogen when heated 
in the presence of pure elementary nitrogen 
at high temperature. Crystalline forms of 
carbon, diamond and graphite, did not 
form nitrogenous chars when heated with 
ammonia at 700° C. 

The behavior of the synthetic nitroge- 
nous chars was studied by heating them 
in a current of nitrogen. Sample 8, when 
heated at 8S0° C, decomposed nearly quan- 
titatively into a carbonaceous residue and 
cyanogen; the residue still contained about 
7 percent of nitrogen. Sample 7, heated at 
900" C, was quantitatively decomposed into 
cyanogen. Sample 9, heated at 900° C, 
slowly lost about 75 percent of its nitrogen 
as cyanogen, leaving a small amount of 
nitrogen in the residue. Sample 1, heated 
at 950 e C, lost over half of its nitrogen but 
in the form of elementary nitrogen and not 
as cyanogen. The same was true for 
sample 6 except that about 20 percent of 
the nitrogen appeared as cyanogen, 45 per- 
cent as elementary nitrogen, and 35 percent 
remained in the residue. When the ash- 
free coke, prepared from coal, was heated 
at 950° C, it slowly lost elementary nitro- 
gen but with no appearance of cyanogen. 

Similarly, when these substances were 
heated in a vacuum, sample 7 was decom- 
posed to the extent of 60 percent at 750° C. 
Sample 8 began to decompose at 525° C; 
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Activated 

Sugar Char Sugar Char Supra Norit 

Treated with Treated with Treated with ^ >ara 

< ' > < * , , ■ t Cyanogen 

NH 3 (CN) 2 NHs (CN)j 


Sample 12 3 4 

Temperature of max- 
imum nitrogen fix- 
ation, °C 700 700 700 800 

Percent nitrogen in 

chars 1.3 2.2 2.5 7.5 

* Prepared from tetraiodoimidazole. 
f Prepared from tetraiodopyrrole. 

when it was heated at 860° C for 2 hours, 
92 percent of the nitrogen was split off and 
the carbonaceous residue contained about 
10 percent of nitrogen. On the other hand, 
the ash-free coke did not begin to decom- 
pose until 800° C was reached and its de- 
composition rate was much slower. Heat- 
ing at 1,000° C for 10 hours reduced its 
nitrogen content from 1.8 to 0.4 percent. 

It was thus found that samples 7, 8, 
and 9 were decomposed thermally at much 
lower temperatures than the nitrogen-car- 
bon complex present in the ash-free coke. 
During thermal decomposition of the nitro- 
gen-rich polymers most of the nitrogen was 
split off as cyanogen, whereas no trace of 
cyanogen was produced during the decom- 
position of the ash-free coke, the evolved 
nitrogen appearing entirely as elementary 
nitrogen. The nitrogenous chars, samples 
1 and 6, on the other hand, behaved simi- 
larly to the ash-free coke. 

The above compounds were also heated 
in a stream of hydrogen and the rate of 
ammonia formation was determined. A 
great difference in their reactivity with 
hydrogen was found. Nearly 50 percent of 
the nitrogen was converted to ammonia 
when sample 8 was heated at 500° C for 1 


NH 3 

(CN ) 2 

<cx>. 

(C 3 N 2 ) x * 

(C 4 hn; 

5 

6 

7 

8 

9 

800 

800 

500 

430 

450 

3.1 

10.6 

53.7 

40,5 

19.4 


hour and 93 percent when it was heated at 
700° C for 20 minutes. Sample 1 still con- 
tained about 70 percent of its nitrogen 
after being heated at 700° C for 1 hour, 
and sample 6 contained about 50 percent 
of its nitrogen after the same treatment. 
The ash-free coke, on the other hand, 
yielded scarcely any ammonia at 750° C, 
and the reaction was still slow* at 1,100 s C, 
only about 30 percent of its nitrogen being 
converted to ammonia in 5 hours. 

From the above experiments it was con- 
cluded that the nitrogen in coke is bound 
chemically to carbon as a carbon-nitrogen 
complex, the nitrogen in coke showing prop- 
erties analogous to the nitrogen in a nitrile 
group. This follows from the fact that 
both types of compounds yielded their 
nitrogen as ammonia when they were 
treated with steam or hydrogen at high 
temperature. The nitrogenous chars pre- 
pared from sugar char or activated carbon 
and ammonia showed the closest analogy 
to coke. The nitrogen could not be present 
as adsorbed nitrogen because it was con- 
verted to ammonia by the action of hydro- 
gen at 600° G. The nitrogen in such com- 
pounds was regarded as being fixed to the 
unsaturated surface carbon atoms of the 
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char. A surface carbon, with three free 
valences, was believed to react with an 
ammonia molecule with the liberation of 
hydrogen, the nitrogen attaching itself to 
the carbon, forming a nitrile group. The 
more active the char the higher was the 
nitrogen content; crystalline modifications 
of carbon absorbed no nitrogen. Hence, 
the nitrogenous chars were regarded as sur- 
face compounds in which the nitrile groups 
were present on the surface. The nitrog- 
enous chars prepared from cyanogen were 
considered to have both cyanogen groups 
and nitrogen atoms adsorbed on the sur- 
face. The cyanogen groups were removed 
as cyanogen during thermal treatment. 
Although samples S and 9 originally con- 
tained their nitrogen in the form of hetero- 
cyclic rings, these rings appeared to be 
thermally unstable and the nitrogen-con- 
taining carbonaceous residues which finally 
resulted were believed to be constituted 
similarly to the nitrogenous sugar chars, 
namely, the nitrogen to be held on the 
[surface of the carbon in the form of a 
f nitrile group. 

S mat ary 

Nitrogen is present in ail fossil fuels. 
On the basis of investigations of the origin 
of coal ana cf studies involving the ex- 
traction of low-rank fuels, it is concluded 
that the nitrogen is derived from plant or 
animal proteins, or both, as well as from 
plant alkaloids, chlorophyll, and similar 
porphyrins. Amino acids are formed by 
the hydrolysis of the proteins and can con- 
dense with carbohydrates, which are also 


formed from plant materials, to form 
highly resistant nitrogen-containing com- 
plexes that permit the accumulation of 
nitrogen in the fossil fuel. Probably the 
types of nitrogen-containing organic com- 
pounds which can resist decomposition over 
geological periods of time would have their 
nitrogen atoms present in heterocyclic link- 
ages or in complex molecules in which the 
nitrogen atoms are protected. Some evi- 
dence indicates that a large part of the 
nitrogen in humic acids is also bound 
cyclically. 

By considering the results obtained from 
studies of solvent extraction, vacuum dis- 
tillation, low- and high-temperature distil- 
lation, gasification, combustion (all of 
which represent progressively increasing 
severity of thermal treatment), oxidation, 
hydrogenation, halogenation, and hydroly- 
sis of coals of various rank, the nitrogen 
in coal can be pictured as being present in 
a heterocyclic linkage in a molecule of 
high molecular weight. Such linkages are 
quite resistant to fission. As the rank of 
the coal increases, the amount of nonbasic 
nitrogen present also increases. On suffi- 
ciently vigorous thermal or chemical treat- 
ment of the higher-rank fuels, reactions 
occur which result in the formation of 
heterocyclic compounds of lower molecular 
weight; the basicity and aromaticity of 
these heterocyclic compounds increase with 
increasing severity of treatment. 

The manner in which nitrogen is link ed 
in coal appears to be markedly similar to 
the way in which it is linked in crude petro- 
leum. 
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COMPOSITION AND ORIGIN OF THE MINERAL MATTER IN COAL 
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Occurrence 

That coal contains some other material 
than organic coal substance is apparent 
when the coal is examined in place in the 
bed, after being mined or finally prepared 
for market, and, finally, when the residue 
from its combustion is examined. In the 
bed this extraneous matter is apparent as 
definite horizontal layers of varying thick- 
ness and extent, as surface deposits or 
fillings in the vertical cleats, and more un- 
usually as intrusions of claylike or other 
material irregularly through the coal. 

The horizontal layers in the coal are 
usually shaley or pyritie in appearance and 
vary greatly in thickness, from thin streaks 
to layers of several inches or more; they 
may be limited and local in extent, or they 
may be very persistent over great areas, 
like the blue band of the No. 6 Seam of 
coal in Illinois. Bands of considerable 
thickness and extent may be considered to 
separate different coals, or to be merely 
one phase of a coal. In any event, such 
extensive bands are taken account of in 
mining the coal. Such bands have been 
formed when the coal-forming deposits 
were laid down. 

The deposits in the shrinkage cracks or 
cleats which may, for example, be kaolinite, 
calcite, gypsum, or pyrite, are usually thin 
surface deposits and jnay not always be 
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present. They were obviously laid down 
later in the coal-forming process. 

The larger adventitious bodies of foreign 
matter in the coal, referred to as clay veins, 
sandstone intrusions, washouts, and the 
like, are the result of rather unusual geo- 
logical conditions during and after the time 
the coal was laid down. 

Much of the mineral matter, and there- 
fore the ash content, of prepared coal 
comes from the inclusion during mining of 
roof or floor rock, of the impure streaks, or 
of some of the larger impurities. Such in- 
clusions may be deliberate in that no effort 
is made to remove them during the mining 
operation, or they may be accidental in 
that their elimination during mining was 
not complete. Such material may easily 
be removed by coal-cleaning methods. 
With the increasing use of mechanical 
methods of mining, and particularly in 
large-scale strip operations, it is becoming 
the practice to do little exclusion during 
mining and to subject the coal to a clean- 
ing process during preparation. 

Besides these large and obviously recog- 
nizable impurities in the coal, similar ma- 
terial may be distributed throughout it, 
usually irregularly in smaller aggregations. 

Many of such inclusions are recognizable 
only with the aid of the microscope. The 
coarser make-up of the coal seam, includ- 
ing the occurrence of such adventitious 
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impurities, has been well described by Rais- 
trick and Marshall 1 and Stuizer and Noe . 2 

The smaller occurrences of mineral mat- 
ter, and particularly of microscopic par- 
ticles of mineral matter, have been well 
described by Sprunk and O'Donnell . 3 

Mineral matter in coal has frequently 
been classified as inherent and extraneous 
mineral matter. The inherent mineral 
matter is defined as that mineral matter 
which had its origin in the organic constit- 
uents of the plant giving rise to the coal 
bed: 4 the extraneous, as that which was 
brought into the coal-forming deposit by 
mechanical means from outside, for ex- 
ample, as dust by air or as suspended or 
dissolved material carried by water. The 
inherent mineral matter is also sometimes 
defined as the inorganic material combined 
with the organic coal substance. Such ma- 
terial need no: derived from the eoal- 

r slants. The inherent mineral mat- 
ter is generally very small in amount. The 
major portion of the mineral matter of 
commercial coal is extraneous or advent i- 

Composition 

The ash content and chemical analysis 
of the ash from a sample of coal show the 
average content of inorganic elements in 
a coal but do not, of themselves, indicate 
the nature or distribution of the mineral 
matter in the coal. However, they do pro- 
vide many valuable data which, used along 
with other information, can give a very 
good picture of the mineral content of the 
coal. Examinations of numerous coal-ash 

1 Rais trick. A., and Marshall. C. E., Nature 
and Origin of Coal and Coal Seams, The English 
University Press, London, 1039, pp. 63-101. 

2 Stutzer, O., and Noe, A. C„ Geology of Coal, 
University of Chicago Press. Chicago. 1940, pp. 
273-88. 

3 Sprunk, G. C.. and O'Donnell H. J., U. 8. 
Bur. Mines , Tech. Paper C4S (1942), 67 pp. 

4 Fuchs, W., Die Ckemie der Kohle, 

Berlin, 1931, p. 416. 


analyses, calculated to a sulfur trioxide- 
free basis, show that, with few if any 
exceptions, over 95 percent of coal ash is 
composed of alumina, silica, iron oxide, 
lime, and magnesia, the magnesia content 
frequently being negligible. The remaining 
5 percent includes such items as sodium 
oxide, potassium oxide, phosphorus pentox- 
ide, chlorine, titanium oxide, and analyti- 
cal errors. The values for these items mak- 
ing up the 5 percent become even less 
important -when the ash analysis is calcu- 
lated back to the original mineral matter 
in the coal because of the loss of water of 
hydration from the clay minerals, the loss 
of carbon dioxide by the carbonate min- 
erals, and the replacement of two atoms of 
sulfur by one and one-half atoms of oxygen 
in the conversion of pyrite to ferric oxide. 
The minerals present in the coal must, 
therefore, have been composed of these sub- 
stances. 5 

Furthermore, an examination of a large 
number of coal anal} T ses shows that coal 
ashes contain silica, lime, alumina, and iron 
oxide in amounts within the following 
limits: 


Oxide 

Maximum 

Minimum 

Si0 2 

70 

15 

AlsO, 

40 

0 

CaO 

55 

0 

Fe 2 0 3 

60 

0 


It must be remembered that such ash 
analyses are analyses of ash compositions 
averaged over the entire coal. The analy- 
ses of ashes obtained from individual pieces 
of coal may vary widely even when the 
pieces are selected from closely adjacent 
places in the same seam. 

Working from analyses of coal ashes, 
various investigators have attempted to 
calculate and reconstitute the kind and 

5 Tiiiessen, G., Ball, C. G., and Grotts, P. E., 
Ind. Eng. Chem 28, 355-61 (1936). 
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quantities of minerals present in the orig- 
inal coal. One such table of possible forms 
of mineral matter postulated from ash con- 
stituents was presented by Marson and 
Cobb; 6 it has often been quoted, and it 
is reproduced in Table I. 

TABLE I 


Inorganic Constituents of Coal 6 


Inorganic 

Constituent Forms in Coal 

Silicon Silicates, sand 


Aluminum 

Iron 


Calcium 

Magnesium 

Sodium and po- 
tassium 

Manganese 
Sulfur (inorganic) 


Phosphorus 


Alumina in combination with silica 

Pyrite and marcasite (sulfides) 

Ferrous oxide 

Ferrous carbonate 

Ferrous sulfate 

Ferric oxide -in small 

Ferric sulfate quantities 

Organic iron 

Iron silicates 

Lime, carbonates, sulfates, silicates 
Carbonate, silicates 

Silicates, carbonates, chlorides (in 
small quantities) 

Carbonate, silicates 

Pyrites and marcasite 
Ferrous sulfate 1 
Ferric sulfate - in small 
Calcium sulfate J quantities 

Phosphates 


Certain formulas, particularly the Parr 
unit coal formula and its modifications and 
simplifications, have been used to convert 
total ash values to total mineral-matter 
values for the purposes of correcting coal 
analyses, particularly calorific values, to 
the mineral-matter-free basis. In such cor- 
rection formulas, use is usually made of 
the values for total sulfur, sometimes for 
pyritic sulfur, and occasionally of the 
values for carbonate and chlorides. The 
Parr unit of coal value 7 uses the following 
relationship : 

6 Marson, C. B., and Cobb, J. W., Gas J., 171, 
39-46 (1925). 

7 Parr. S. W., and Wheeler, W. F., TJniv. Illi- 
nois Eng . Expt. Eta. Bull. 37, 33 (1909). 


MM = 1.08 ash + 0.55 S 

where MM represents mineral matter. 

Ash analyses can be converted rationally 
to mineral-matter values only with an 
actual knowledge of the amount and qual- 
ity of the minerals present in the coal. 
Gauger, Barrett, and Williams s reported 
finding the minerals listed in Table II in 
seven samples of coal and three samples of 
washery refuse, all of unstated origin. No 
quantitative data were given as to the 
amount of minerals in the sample. On 
the basis of these mineralogieai examina- 
tions, they calculated three ash analyses to 
the following minerals: pyrite, prochlorite, 
calcite, muscovite, kaolin, quartz, diaspore, 
and limonite, attributing most of the min- 
eral matter to pyrite, muscovite, and kao- 
lin. Five other ashes were recalculated to 
pyrite, gypsum, apatite, calcite. prochio- 
rite, limonite, rutile, muscovite, kaolin, 
quartz, and diaspore. 

Thiessen, Ball, and Grot is, 5 on the basis 
of both the kind and proportion of mineral 
matter found in coal by petrographic ex- 
amination, concluded that the separable 
mineral matter in both Pennsylvania coal 
and Illinois coal was composed of more 
than 99 percent of kaolinite, pyrite, detri- 
tal clay, and calcite. Ball 9 found that 
more than 95 percent mineral matter in 
Illinois coal from West Frankfort, Frank- 
lin County, Illinois, consisted of the three 
minerals kaolinite, pyrite, and calcite. On 
tills basis Thiessen 10 calculated the 21 ash 
analyses presented in U. S. Bureau of 
Mines Bulletin 364 11 to pyrite, silica, cal- 
cite, kaolinite, and magnesium carbonate, 

s Gauger, A. W., Barrett. E. P., and Williams, 
F. J., Trans. Am. Inst. Mining Met. Engrs., 10S, 
226-35 (1934). 

9 Ball, C. G., Illinois State Geol. Survey, Kept. 
Investigations 33 (1935), 106 pp. 

10 Thiessen, G., ibid., 32, 27-39 (1934). 
n Nicholls, P., and Selvig, W. A., V . S. Bur . 
Mines, Bull. 364 (1932), 71 pp. 
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TABLE II 


Results of Petrographic Study of Ten Samples of Coal 8 


Name 

Formula 

Remarks 

Pyrite 

FeS 2 

Found in all samples 

Kaolin minerals 
Chlorites: 

Al 2 0 3 -2Si0 2 -H 2 0 

Found in all samples 

Prochlorite * 

2FeO ■ 2MgO • A1 2 0 3 • 2Si0 2 • 2H 2 0 

Found in all samples 

Penninite * 

5 MgFe.O - Al 2 Os *3Si0 3 2H 2 0 

Found in three samples 

Muscovite 

KNaO - 3 Al 2 0 s 6Si0 2 • 2H 2 0 

Found in all samples 

Caleite 

CaCOs 

Found in nine samples 

Quartz 

Si0 2 

Found in all samples 

Diaspora 

A1 2 0 3 *H 2 0 

Found in two samples 

Limonite 

2Fe 2 0 s *3H 2 0 

Found in seven samples 

Magnetite 

Feg04 

Found in seven samples 

Gypsum 

CaSO-t • 2H 2 D 

Found in all samples 

Rutile 

Ti0 2 

Found in two samples 

Hematite 

Tourmaline 

Fe 2 0 3 

Not constant; a complex aluminum 
horosilicate 

Found in one sample 

Siderite 

FeCOs 

Found in two samples 

Zircon 

Z:fii04 

Found in two samples 

Garnet 

CasAJ 2 SisOi 2 

Found in one sample 

These two forms ncr 
datively identified as ; 

r positively identified, but two different cMorites were present and they were 

penninite and proeblorite. 

ling in the other 

items of the analysis, with the coal. 

77 In the approximate order 

luctinsr the iron et- 

ride in excess of that of their relative abundance in the coal col- 

ui red to form p} 

'rite with the deter- umn studied, 

these minerals were: quartz, 


mined quantity cf pyritie sulfur. feldspar, garnet, common hornblende, apa- 

Baii, 9 as mentioned above, investigating tite, zircon, muscovite, epidote, biotite, 

the No. 6 Seam coal of Illinois, found that augite, kyanite, rutile, staurolite, topaz, 

‘“More than 95 percent of the mineral mat- tourmaline, and chloritic material. Ball 

ter is found to consist of but three miner- further stated, “The nonclay minerals, al- 

als. ealcite, pyrite, and kaclinite. The lat- though always present, are quantitatively 

ter mineral occurs both in detrital clat’ and of little importance, invariably constituting 

as a prominent filling in desiccation cracks less than 1 percent of the total separable 

and fusion cavities in the coal.' 7 Kaolinite, mineral matter or less than 0.1 percent per 

ealcite. and pyrite were deposited after for- 1 percent of the coal/ 7 The separable min- 

mation of the peat. The detrital mineral eral matter made up 30 percent of the total 

matter deposited during the peat forma- mineral matter of the coal, but ash anal- 

tion consisted mainly of clay occurring as vses indicated that the remaining 70 per- 

horizontal partings or bands in the coal or cent of mineral matter which was not sep- 

disseminated through its detrital layers, arable by float-and-sink methods had the 

The other detrital minerals “'consisted of same composition and distribution as the 

the minerals commonly occurring in the separable minerals. 

sandstones, shales, and clays associated The clay constituent of coal has been 
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identified as kaolinite by . Ball, 12 who has 
well described its properties and modes of 
occurrence. 

In making the study of the mineral mat- 
ter in the Illinois No. 6 Seam coal, Bail 
obtained a column of coal representing the 
entire thickness of the coal bed, divided it 
into small blocks, and examined and re- 
ported blocks individually. 9 The separable 
mineral contents of the benches into which 
the coal is divided by the miner were found 
from the results of the examination of the 
individual blocks making them up and pre- 
sented by Ball and Cady. 13 These results 
are presented in Table III. It will be 


thraxylon, bright coal, splint coal, and 
fusain are characterized by differences in 
both quantity and chemical and mineral- 
ogical compositions of the mineral matter 
they contain. Anthraxylons contain very 
little mineral matter, most of which is in- 
herent; they generally contain from 1 to 
3 percent ash. Those with the most ash 
owe their higher ash content to minute 
cracks filled with extraneous matter. 

Sprunk and O'Donnell 3 have presented 
the analyses of thirty-four anthraxylons 
from the United States, the ash contents 
of which ranged from O.S to 3.9 percent. 
They reported that anthraxylons with less 


TABLE III 

Separable Mineral Matter in Coal from No. 6 Seam in Illinois 1s 


Kaolinite Pyrite Caleite 




Number 

Total 


In 


In 


In 


Thick- 

of 

Mineral 

In 

-Mineral 

In 

Mineral 

In 

Mineral 

Bench 

ness 

Blocks * 

Matter 

Coal 

Matter 

Coal 

Matter 

Coal 

Matter 


inches 


percent 

percent 

percent 

percent 

percent 

percent 

percent 

V t 

10. 1 

3 

3.15 

0.71 

22.49 

1.S1 

57.44 

0.63 

20.07 

IV 

30.7 

20 

1.49 

1.33 

89.53 

0.09 

6.01 

0.07 

4.46 

III 

44.5 

45 

2.51 

2.02 

80.56 

0.32 

12.72 

0.17 

6.72 

BB t 

1.6 









II 

12.3 

10 

7.30 

2.97 

40.73 

0.10 

1.35 

4.23 

57.91 

IS 

7.7 

2 

4.27 

1.49 

34.97 

0.02 

0.50 

2.76 

65.54 

ii-iv || 

89.1 

75 

2.79 

1.90 

68.27 

0.21 

7.44 

0.6S 

24.29 

I-V u 

106.9 

80 

2.98 

1.67 

56.05 

0.45 

15.07 

0.S6 

28. ST 


* Individual blocks from % inch to 6 inches in thickness. f Top coal, nor mined. 

t Blue band, not included in sample. § Bottom coal, not mined. 

[ | Average representing thickness of mined coal. ^ Average representing total thickness of bed. 


noted that there was great variation in the 
make-up of the mineral matter in the vari- 
ous benches. 

Mineral Matter of Petrographic 
Components 

The petrographic components of coal, 
vitrain, clarain, durain, and fusain or an- 

12 Ball, C. G., Econ. Geol 29, 767-76 (1934). 

13 Ball, C. G., and Cady, G. H., ibid., 30, 72-88 
(1935). 


than 0.2 percent ash have been described. 
Lessing 14 reported the ash content and the 
ash analyses of the four petrographic com- 
ponents of coal from the Thick Beam of 
South Staffordshire at the Hamstead Col- 
liery as shown in Table IV. Lessing stated 
that “The high percentage of water-soluble 
and the low hydrochloric acid-insoluble in 

14 Lessing, R., J. Chem. Soc., 117, 256—65 
(1920) Fuel , 5, 17-23, 69-76, 117-24 (1926). 
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TABLE IV 

Ash Analyses of Petrographic Components 
of Thick Seam Coal 14 


Fusain (Ash. Content 15.59 percent) 




Soluble 

Insoluble 



Soluble 

in Hydro- 

in Hydro 



in Water 

chloric Acid 

chloric Acid 

Tola 


percent 

percent 

percent 

percent 

SIDs 

0.00 

0.7S 

S.G6 

S.S4 

AlaOa 




f 8.66 

Fe 2 0$ 

MnO 

0. 19 

S.33 

4.08 

3.37 

0.51 

TiOg 




0.04 

CaO 

10.03 

46.84 

0.33 

57.00 

MgO 

0.4! 

0.89 

0.00 

1.30 

NagO 

0.65 

2.59 


3.24 

K 2 0 

0. 14 

0.53 


0.67 

SO 3 

P 2 O 3 

4.71 

9.17 

0.77 

14.65 





CDs 

0.53 

2.45 diiTd 


2.9S 

Total 

18.65 

71.35 

13.22 

101.26 

Total by 




direct 

weighing 28. 57 

4 i . O 5 

22. G5 

100.00 


Durain 

Ash Content 6.26 percent) 


so* 

Trace 

1.46 

49.05 

50.54 

a: 2 o 5 




42.34 

FesOa 

MnO 

i Trace 

19.94 

24.20 

1.36 

0.00 

TiOa 



i 0.44 

CaO 

1.47 

1. 85 

0.37 

3.69 

MgO 

0.00 

0.00 

0.00 

0.00 

N'a.O 

0.80 

0.00 

0.00 

0.00 

K s 0 

0.00 

0.00 

0 .® 

0.00 

SOs 

PgOs 

2.10 

0.9S 

0.15 

8.23 





Tcta. 

3.57 

24.23 

73. SO 

101.60 

Total 

DV 




direct 

weighing 3.4S 

23. SI 

72. 71 

100.00 

Clarain 

Ash Content 1 

.22 percent; 


SiOg 

0.12 

0.96 

3.36 

9.44 

ai 2 o 3 




16. 5S 

FegOj 

MnO 

0. 10 

12.66 

r. S6 j 

3.31 

0.23 

Ti0 2 



1 

0.50 

CaO 

10.50 

1.94 

0.54 

12.98 

MgO 

9.20 

1.32 

0.00 

10.52 

NagO 

13.76 

1.93 


15.71 

X 2 0 

0.00 

0.00 



SOs 

31.73 

0.45 


32.18 

P*0| 

0.00 

0.01 

0.00 

0.01 

Total 

65.41 

19.29 

16.76 

101.46 

Total by 




direct 

weighing 65.24 

17.86 

16.90 

100.00 


TABLE IV — Continued 

Ash Analyses of Petrographic Components 
of Thick Seam Coal 14 

Vitrain (Ash Content 1.11 percent) 




Soluble 

Insoluble 



Soluble 

in Hydro- 

in Hydro- 



in Water 

chloric Acid 

chloric Acid 

Total 


percent 

percent 

percent 

percent 

Si0 2 

Trace 

0.76 

5.32 

6.08 

AI 2 O 3 




15.49 

FegOo 

MnO 

3.11 

13.44 

2.40 

3.09 

0.13 

TiOg 




0.24 

CaO 

12.42 

2.46 

0.34 

15.22 

MgO 

1.04 

0.83 

0.00 

1.87 

NagO 

16.12 

1.55 


17.67 

KgO 

0.20 

0.00 


0.20 

SOs 

28.62 

1.49 

0.78 

30.89 

P 2 O 5 




Trace 

COg 

6.69 



6.69 

Total 

68.20 

20.53 

8.84 

97.57 

Total by 




direct 

weighing 69.52 

20.46 

10.02 

100.00 


the ashes from clarain and vitrain prove 
that they present the original plant ash ” 

In the same coal, the ash contents of the 
petrographic ingredients usually tend to in- 
crease in the order : vitrain, clarain, durain, 
and fusain. The high ash content of the 
fusain shows up particularly in the high 
ash content of the fine dust produced in 
the mining and preparation of coal, for 
example, the dust recovered from dedust- 
ing plants. 15 

Though in general alumina, silica, iron 
oxide, lime, and magnesia comprise over 
95 percent of coal ash, certain coals con- 
tain appreciable and much higher than 
usual contents of such other components as 
manganese, zinc, lead, cadmium, copper, 
and gold. Jensch 16 reported the percent- 
ages of metallic oxides in six coal ashes 
from Upper Silesia shown in Table V. 

is Thiessen, G., Trans. Am. Inst. Mining Met . 
Engrs., 119, 277-86 (1926). 

16 Jensch, K, Chem.-Ztg 10, 1271-370 (1887). 
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TABLE V 

Compositions of Coal Ashes from Upper 
Silesian Coals 16 in Percentage of the 
Total Ash 

Coal Numbers 

1 2 3 4 5 

Manganese oxide 1.33 0.42 2.84 1.17 1.43 0.20 

Zinc oxide 0.26 0.37 1.12 0.09 0.55 0.86 

Lead oxide 0.021 0.069 0.058 0.037 0.0S2 0.056 

Cadmium oxide 0.008 0.001 0.003 0.005 0.004 0.002 

1. Unwashed lump coal from Schmieder mine, 
Poremba. 

2. Coal from Schmieder mine washed in Fried- 
enshutte coal washery. 

3. Dust coal from Schmieder mine. 

4. Dust coal from Wolfgang mine (Valentin 
shaft near Ruda). 

5. Dust coal from the Gotthard shaft of the 
Paulus mine near Morgenroth. 

6. Coal screenings from the Asehenborn shaft 
of the Gottessegen mine near Antonienhiitte. 

Stone 17 reported coals near Cambria, 
Wyoming, which contain gold attaining a 
value of $2.00 a ton. Thirty-one ship- 
ments of coke showed an average gold con- 
tent of $2.46 and silver content of $0.28 
per ton at $20 per ounce for gold and $0.65 
per ounce for silver. The gold in the Cam- 
bria coal was believed to have come from 
an overlying sandstone, the gold content of 
which is about 0.1 ounce per ton and is 
present largely in the shaley coal high in 
ash. 

Zilbermintz 18 determined the vanadium 
content of more than 500 samples of coal, 
with the results shown in Table VI. In a 
number of coals of Jurassic Age, vanadium 
pentoxide contents of ashes of as much as 
8 percent were found. A study of the oc- 
currence of vanadium in these coals indi- 
cated that it was due to infiltration, the 
high contents coming from a decay of the 
basic rocks of the Ural Range in which 
numerous segregations of rocks rich in 

17 Stone, R. W., 77. 8. Geol. Survey, Bull . 499, 
63-4 (1912). 

18 Zilbermintz, V. A., Compt . rend . acad . set 
U.R.8.8., N.S. 3, 117-20 (1935). 


TABLE VI 

Occurrence of Vanadium Pentoxide in the 


Ash of 

Russian 

Coals i: 

3 


Number 

Average 

Range of 


of 

Content of 

r Vanadium 

Locality of 

Deter- 

Vanadium 

Pentoxide 

Occurrence ruinations 

Pentoxide 

Content 



percent 

percent 

Donets Basin 

266 

o.os 

0.02 to 0.34 

Tkvibuli ] 

39 

0.13 

0.07 to 0.27 

Tkvarcheli ['Caucasus 

17 

0.13 

0.05 to 0. 15 

Khumara j 

15 

0.10 

0.04 to 0.16 

Pechora Basin 

50 

O.OS 

0.02 to 0.31 

Karaganda 

S 

0.06 

0.04 to O.OS 

Suchan 

6 

0.07 

0.04 to 0. 11 

Sakhalin 

4 

0.10 

O.OS to 0.11 

Cheremkhovo 

5 

0.06 

0.03 to 0.09 

Kuznetzk Basin 

4 

0.09 

O.OS to0.il 

Moscow Basin 

3 

0.12 

0.09 to 0.16 

Spitzbergea 


0.09 

0.07 to 0.11 


vanadium occur. The same author and his 
associates have also studied the distribu- 
tion of beryllium, germanium, and nickel 
in various Russian coals. 19 

Coals contain many other elements, some 
in extremely minor traces. 20 It has been 
reported that barium occurs very com- 
monly in the coals of Britain, ranging from 

0. 1 to 6 percent of the ash. 21 In certain 
“special” British coals, Jones and Miller 
found the titania content to range from 
4.76 to 24.3 percent, and the nickel oxide 
content from 0.1 to 10.3 percent. 22 Both 
germanium and gallium have been reported 

19 Zilbermintz, Y. A., and Rusanov, A. K., it id., 
2, 27-31 (1936). Zilbermintz, V. A., Rusanov. 
A. K., and Kostrikin, V. M., Akad. V. I. Ternads - 
komu k Pyatidessyatiletiyu Nauch. Deyatelnosti, 

1, 169-90 (1936). Zilbermintz, V. A., Mineral. 
Suir’e, 11, No. 6, 16-26 (1936). Nazarenko, V. 
A., Trav. lab. biogiochim. acad. set U.R.S.S., 4, 
265-70 (1937). Yorob’ev, A. L., Compt. rend, 
acad. sci. U.R.S.S. , 2S, 250-1 (1940). 

20 Goldschmidt, V. M. t and Peters, C., XacJir. 
Ges . Wise. Gottingen, Math.-pJiysik. Klasse, 1933, 
371-86. Thilo, E., Z . anorg. Chem 21S, 201-9 
(1934). Burkser, E. S., Kondoguri, V. V., Kapnt- 
sin, N. P., and Potapov, P. P., Ukrain. Khem. 
Zhur., 9, 441-5 (1934). 

21 Reynolds, F. M., J. Soc. Chem. Ind., 58, 
64-8 (1939). 

22 Jones, J. H., and Miller, J. M., Chemistry & 
Industry, 1939, 237-45. 
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present in British and Australian coals. 23 
Goldschmidt 24 lias said: 

It is remarkable that the rare elements which 
are found concentrated in the ashes of coals 
may have very different chemical properties, 
for instance, we find beryllium, strontium, 
barium, boron, scandium, yttrium, lanthanum, 
and the lanthanides ( elements of atomic num- 
bers 51-71) ; zirconium, vanadium, cobalt, 
nickel, molybdenum, uranium, copper, zinc, 
gallium, germanium, arsenic, antimony, cad- 
mium, tin, iodine, lead, bismuth; silver, gold, 
rhodium, palladium, platinum (not yet tested 
or incomplete data, among others, thorium, 
indium, thallium, selenium, tellurium). In 
many cases all these elements, or most of 
them, have been concentrated in the same 
ashes. 

23 Morgan, G. T. t and Davies, G. 2t„ ibid., 1937, 
717-21. Cooke, W. T. r Trans. Roy. Sac. S. Aus- 
tralia, 62, 31S-9 U93S). 

24 Goldschmidt, V. M., Ind. Eng. Chem 27, 
1100-2 (1035). 


Table VII, presented by Goldschmidt, 
gives data for a number of elements com- 
monly concentrated in coal ashes in order 
to illustrate their degree of enrichment, as 
compared with their average percentage, 
as far as is known by reliable data, in the 
common rocks of the earth's crust. The 
data refer to percentages and are repre- 
sentative only for such ashes as show the 
phenomenon of enrichment. Three main 
stages of the enrichment process were pos- 
tulated: (1) concentration during the life 
of the plants, (2) concentration during de- 
cay of the plants, and (3) concentration 
during mineralization of the coal. Exam- 
ples of these three stages of enrichment as 
demonstrated by analytical data were pre- 
sented. Fuchs 25 also presented similar 

25 Fuchs, W., Ind. Eng. Chem., 27, 1099-1100 
(1935). 


TABLE VII 

Rare Elements in Ashes of Coal and in the Earth’s Crust 24 




Average 


Factor of Enrichment 


Maximum 

Percentage of 

Percentage in 


Average of 

ilement Percentage 

“Rich” Ashes 

Earth’s Crust 

Maximum 

“Rich” Ashes 

Be 

0.1 

0.03 

0.0002 to 0.001 

100 to 500 

30 to 150 

B 

0.3 

0.06 

0.0003 

1,000 

200 

Se 

0.04 

0.006 

0.0003 to 0.0006 

70 to 130 

10 to 20 

Co 

0.15 

0.03 

0.004 

40 

8 

Xi 

o.s 

0.07 

0.01 

80 

7 

Zn 

1 


0.02 

50 


Ga 

0.04 

0.01 

0.001 to 0.0015 

30 to 40 

7 to 10 

Ge 

1.1 

0.05 

0.0004 to 0.0007 

1,600 to 2,800 

70 to 120 

As 

O.S 

0.05 

0.0005 

1,600 

100 

Y 

0.03 

0.01 

0.001 * 

80 

10 

Zr 

0.5 


0.02 

25 


Mo 

0.05 

0.02 

0.0015 

30 

13 

Sb 

0.1 

0.02 




Sn 

0.05 

0.02 

0.005 

10 

4 

Pb 

0.1 


0.0016 

70 


Bi 

0.003 





Ag 

0.005 to 0.001 

0.0002 

0.00001 

50 to 100 

20 

Au 

0.00002 to 0.00005 


0.0000005 

40 to 100 


Rh 

0.000002 





Pd 

0.00002 





Pt 

0.00007 
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data for brown coals as shown in Tables 
VIII and IX. 

TABLE VIII 


Elements Found in German Bkown-Coal 
Ashes 25 




Spectrophotographic 

Gravimetric Analysis 


Analysis 


percent 


10 fi X percent 

Ca 

35.56 

Cu 

100 to 1,000 

Fe 

10.74 

Ba 

10 to 100 

Mg 

4.86 

Pb 

10 to 100 

Si 

3.31 

Sr 

10 to 100 

A1 

1.60 

Bi 

10 to 100 

Na 

2.30 

Ni 

10 to 100 

K 

0.19 

Zn 

10 to 100 

Mn 

0.35 

Ti 

10 to 100 

P 

Traces 

Au 

1 to 10 

C, 0, 

, H, N, S Also present 

Ga 

Traces 



Ge 

Traces 


TABLE IX 


Amounts of Eighteen Elements in Coal 
Ash, the Earth’s Crust, and Various Forms 



of Organic Life 25 



Coal Ash 

Earth’s Crust 

Organisms 


percent 

percent 

percent 

Ca 

35.6 

3.4 

1 to 10 

Fe 

10.7 

4.7 

10" 1 to 10" 2 

Mg 

4.8 

2.0 

10“ 2 to 10" 1 

Mn 

0.35 

0.1 

10" 3 to 10" 2 


3.31 

25.7 

10" 1 to 1 

A1 

1.6 

7.5 

10~ 2 to 10" 1 

Na 

2.3 

2.6 

10" 2 to 10" 1 

K 

0.2 

2.4 

10" 1 to 1 

P 

Trace 

0.1 

10 -1 to 1 

Cu 

10" 4 to 10" 3 

10" 2 to 10" 1 

10" s to 10" 1 

Ba 

10~ 5 to 10" 4 

10" 2 to 10" 1 

? 

Pb 

10" 4 to 10~ 3 

10" 3 to 10" 2 

10" 4 to 10“ 3 

Sr 

10" 5 to 10~ 4 

o 

i 

K> 

O 

o 


Bi 

10“ 5 to 10 -4 

10" 4 to 10" 3 


Ni 

10" 5 to 10~ 4 

10" 2 to 10" 1 


Zn 

10“ 5 to 10” 4 

10" 3 to 10" 2 

10 -2 to 10" 1 

Ti 

10 -5 to 10" 4 

0.5 

10" 4 to 10" 3 

Au 

10" 6 to 10“ 5 

10" 6 to 10~ 5 

10" 6 to 10" 6 

The Origin of Coal Mineral 

Matter 


Coal mineral matter had its origin in the 
inorganic constituents of the vegetation 
from which it was formed and in mineral 
matter brought in from outside the deposit 
where it was formed. As has been men- 


tioned, the first is termed inherent and the 
second adventitious mineral matter. 

The inherent mineral matter is much 
smaller in quantity than and different in 
composition from the mere inorganic resi- 
due of the coal-forming plants. This fact 
is due to reuse of the inorganic elements 
by succeeding vegetation and to leaching 
of inorganic constituents by the waters 
percolating and flowing through the peat 
bog during deposition and through the de- 
posit during coalification. The percolating 
waters may be presumed to have an in- 
creased dissolving action on the inorganic 
constituents because of their content of hu- 
mic acids, carbon dioxide, and other prod- 
ucts of decay. 

Owing to the differences in solubilities 
and reactions of the inorganic elements 
present in the plants, these elements do 
not contribute to the coal mineral matter 
in proportion to their presence in the 
plants. The mineral matter in anthraxylon 
or wit rain is largely inherent and low in 
quantity. 

The adventitious mineral matter brought 
in during the formation of the peat deposit 
was largely detriial clay together with the 
minor quantities of the minerals making up 
the rocks surrounding the basin in which 
the peat bog was forming. 

Lessing 14 compared the alumina-silica 
ratios of the ashes from fusain, durain, 
clarain, and vitrain with the alumina-silica 
ratios of the ashes from various ly copods 
to determine whether the inference that the 
high alumina content of durain might be 
due to its derivation from lycopods was 
plausible. He concluded that the inference 
was disproved and that "'durain ash is iden- 
tical with clay, whilst clarain and vitrain 
closely resemble plant ashes.” 

The variations in ash contents with in- 
creasing depths in peat bogs presented in 
the literature show no consistency, prob- 
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ably because o! the radical differences in 
the nature of the hogs. 

A moss, reed, sedge peat from Velen was 
reported by Fischer, Schrader, and Fried- 
rich, 26 to contain 1.8, 1.7, and 1.8 percent 
ash at depths of 0.0, 0.9, and 1.8 meters, 
respectively, while a woody peat from 
Lauehhammer was reported by the same 
authors to have ash contents of 7.1, 6.S, 
and 6.6 percent at increasing depths. 

Waksman 27 analyzed a peat deposit 6 
meters in thickness and found its ash con- 
tent almost constant at 1 percent, except 
for the topmost and bottom portions which 
contained 2.0 and 2.S percent ash, respec- 
tively. 

All that these and other such data show 
is that the ash contents of peats and brown 
coals vary widely in amount just as do 
those of bituminous coals. The ash con- 
tents of peats also are dependent upon the 
type of bog, whether low moor or high 
moor; reed, moss, or wooded. From the 
standpoint of investigating the origins of 
normal banded bituminous coals, interest is 
centered in the wooded low moor type, not 
particularly common in Europe. Most of 
the peat bogs in Europe being of the high 
moor moss type, the experimental work on 
peat by European investigators has, there- 
fore, been largely on peat of this type. In 
any event, it is generally conceded that the 
coal ash due to the mineral matter (inor- 
ganic elements) in the coal-forming plants 
is but a few percent of the coal. In 
vi trains (anthraxylon) and other low-ash 
coals or coal components, it may be a ma- 
jor part of the ash content; for high-ash 
coals it is a minor proportion. 

The major components of the adventi- 
tious mineral matter in coal are detrital 
clay, kaolinite, pyrite, and calcite. Of 
these the detrital clay was brought into 

26 Fischer, F., Schrader. H., and Friedrich, A., 
Ges. Abhandl. KenntnU Kchle, 5, 530-40 (1020). 

27 Waksman, S. A., Am. J. Set., 19, 32-54 
(1930). 


the bog as such; the others were for the 
most part formed in the deposit, either in 
the peat stage or later from their com- 
ponents. 

The detrital clay was washed in from the 
surrounding higher ground by water and 
probably to a minor extent brought in by 
air. The amount washed in at any time 
depended upon the differences in elevation, 
intensity and amount of precipitation, wa- 
ter-level conditions and drainage in the 
bog, and the nature of the surrounding 
land. Detrital clay is important only in 
the clay partings of a coal seam. Ball 28 
found the detrital clay in Illinois No. 6 
Seam coal to be largely kaolinite with a 
smaller amount of a sericite-like mineral. 
Concerning the relative abundance of sec- 
ondary kaolinite and detrital clay, Ball and 
Cady 13 have said : 

Visual examination and microscopic counts of 
the clay constituents, however, indicate that 
the detrital claj^ is important only in the clay 
partings, and that it does not compose more 
than 25 percent of the total clay and kaolin- 
ite portion of the mineral matter. Clay part- 
ings are largely fortuitous in character and 
in general separate certain benches of the 
coal seam. 

Sprunk and O’Donnell concluded: 

Uniform partings were formed by extensive 
flooding of level swamp surfaces. The min- 
eral matter was deposited quickly without 
interrupting the growth of the swamp plants. 

• Irregular partings were deposited if the 
swamp surface was uneven or if the peat 
bog was subjected to differential subsidence. 3 

The underclays may possibly furnish 
some evidence about the nature and origin 
of the detrital clay in the coal. Grim and 
Allen 29 found the underclays under Illinois 
coals to consist largely of kaolinite and il- 
iite. After reviewing previously advanced 
theories of their origin, Grim and Allen 
concluded that mineralogical and textural 

28 See p. 22 of ref. 9. 

29 Grim, B. E., and AUen, V. T., Bull . G-eol. Soc. 
Am ., 49, 1485-514 (1938). 
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data favored an aqueous environment of 
deposition. They conceived the possibility 
that the underclays were deposited as a 
montmorillonitic mud; those deposited in 
a marine environment rich in alkalies, par- 
ticularly potash, absorbed potash and after 
burial changed to illite, whereas those de- 
posited in brackish or nonmarine, relatively 
alkali-free, environment were prevented 
from changing to illite and, therefore, 
changed to kaolinite. A mixture of illite 
and kaolinite would develop from material 
containing limited amounts of potash. 
They argued against post-accumulation in- 
filtration of alkalies. They further con- 
cluded that the underclays did not appear 
to have been altered, after accumulation 
and before burial, by processes similar to 
those forming modern soils. This they 
stated also argues against leaching of al- 
kalies from illitic deposits to yield kaolin- 
ites. That the underclays were not sub- 
ject to weathering or soil-forming agencies 
would permit correlation of their nature 
with the detrital clay in the coal itself. 
Sprunk and O’Donnell 3 stated that “The 
kinds of minerals in partings of clays and 
shales are similar to those observed by 
Grim 30 in the Pennsylvania underclays ” 

Kaolinite and calcite in desiccation 
cracks, cleats, joints, and the cavities in 
bands and lenses of fusain are of secondary 
origin deposited from circulating waters, 12 
largely after the peat stage of formation. 

The origin of - the pyrite and marcasite 
in coal is more complex and varied; it is 
discussed in detail in Chapter 12. Briefly, 
the finely disseminated pyrite is probably 
due to the activities of sulfur-depositing 
bacteria. The larger and massive deposits 
are due to the precipitation of ferrous sul- 
fide by interaction of hydrogen sulfide 
from the decay of plant material and iron 
compounds in solution in the bog water 

so Grim, R. E. } Bull. Aw. Cer. Sog . 9 14, 113—9, 
129-34, 170-6 (1935). 


with later conversion of the ferrous sul- 
fide to pyrites. Possibly some pyrite was 
formed by reduction of ferrous sulfate by 
organic matter. 

Many coals contain highly mineralized 
nodular concretions, usually near the roof 
of the seam, consisting of petrified or fu- 
sainized plant remains. The mineral mat- 
ter is pyrite or calcite and occasionally 
siderite. 3 The origin and nature of the 
concretions have been wall described by 
Stutzer and Noe. 2 Coal bails were miner- 
alized during the peat stage — just how is 
still open to speculation. 

The minor detrital minerals in coal were 
transported into the peat bed from outside. 
They are disseminated, not localized, in 
small detrital grains. The minor secondary 
minerals were deposited from water which 
had picked up these minerals or their com- 
ponents from other beds. Because of its 
highly absorptive nature, colloidal coal 
would tend to absorb such mineral matter. 
In addition, the possible formation of metal 
humates must not be overlooked. 

Coal close to the surface may, in addi- 
tion, carry a wash of clay, hydrated iron 
oxide, or ' carbonates, or ferrous sulfate 
brought in by percolating surface waters 
and deposited in cracks, joints, and cleats. 
Often these compounds affect the appear- 
ance of the coal out of all proportion to the 
amount of mineral matter they add. 

Boulders, though occurring compara- 
tively rarely, are of considerable interest 
because of the speculations to which they 
give rise concerning peat bog conditions. 
Their occurrence has been discussed and 
the theories concerning the agencies by 
which they were brought into the bog have 
been reviewed by Stutzer and Noe 2 and 
by Raistriek and Marshall. 1 These au- 
thors also have discussed the unusual geo- 
logical conditions causing clay veins, horse- 
backs, holidays, sandstone channels, and 
the like. 



CHAPTER 15 


THE FUSION, FLOW, AND CLINKERING OF COAL ASH 
A SURVEY OF THE CHEMICAL BACKGROUND 


Elliott P. Barrett 

for industrial Fellow , Mellon Institute of Industrial Research , Pittsburgh, Pennsylvania 


This survey is concerned with those 
physicochemical properties of coal ashes 
which are involved in cankering and the 
related phenomena associated with the fu- 
sion and flow of the ash-forming mineral 
matter. The subject is considered under 
three main headings: (1) the fusibility of 
coal ash; (2) the viscosity and surface ten- 
sion of coal-ash slags; and (3) the rela- 
tionship of fusibility, viscosity and sur- 
face tension to various types of operating 
trouble. 

The thesis of the survey, in so far as it 
has a thesis, is twofold: first, that the be- 
havior of the ash in clinkering and related 
phenomena is, primarily, a function of its 
chemical rather than its mineralogieal com- 
position, and second, that, in the modern 
boiler furnace, the properties of the mol- 
ten slag, and particularly its behavior on 
cooling, rather than the original fusion 
temperature of the ash-forming minerals, 
determine the nature of the operating dif- 
ficulties encountered. 

The Fusibility of Coal Ash 

That clinkers are composed of a mixture 
of fused or partly fused ash or ash-forming 
mineral matter has been recognized for as 
long as there has been a clinkering prob- 
lem. Consequently it is not surprising 


that, in striving to develop a laboratory 
procedure which would permit some esti- 
mate of the extent of clinker formation to 
be anticipated when burning a given coal 
in a given piece of equipment under a given 
set of operating conditions, the early inves- 
tigators should have attempted to measure 
a property of the ash comparable to the 
melting point of pure compounds. It was, 
of course, recognized that the ash was a 
complex mixture which could not have a 
definite melting point and that, therefore, 
some arbitrary degree of melting or of 
mobility of the slag formed from the ash 
would have to be adopted in lieu of a 
melting point if the fusibility of the ash 
were to be expressed by a single tempera- 
ture. The recognition of this limitation 
and the prior development of the familiar 
Seger cones commonly used in the ceramic 
industry account for the fact that ail the 
early workers utilized a test piece molded 
from the finely ground ash and similar in 
shape to the Seger cones. 

It is worthy of note that the method 
which has become the standard in the 
United States still utilizes a test piece in 
the form of a triangular pyramid, one face 
of which is normal to the base, although 
in other respects the procedure displays a 
much greater degree of refinement than the 



497 


METHODS OF MEASUREMENT 


initial attempts to make measurements 
which would be reproducible in the same 
or different laboratories and permit of in- 
terpretation in terms of actual service con- 
ditions. Although the method has been 
subjected to no little criticism, as will ap- 
pear later, it has found wide applicability 
and more general usefulness than most em- 
pirical tests and, in addition, it has been 
shown to give results in good agreement 
with two other empirical tests which, in the 
mechanics of their application, appear to 
be rather different from it. 

The three methods of test in co mm on 
use are the A.S.T.M. standard method, 1 
the method developed by Sinnatt, Owles, 
and Simpkin, 2 ’ 3 and the method of Bunte 
and Baum 4 * 5 > 6 » 7 * 8 which has been applied 
extensively not only in Germany but also 
in Japan. In the succeeding sections of 
this part of the survey these three methods 
will be considered in detail, and some at- 
tention will also be given to less familiar 
procedures. 

METHODS OF MEASUREMENT 

The A.S.T.M. Standard Method. This 
method was developed by members of the 

1 Standard Method D271-37, Am. Soc. Testing 
Materials Standards , 1939, Pt. Ill, p. 15. 

2 Sinnatt, F. S., Owles, A. B., and Simpkin, 

S. N., J. Sac. Chem. Ind., 42, 266-72T (1923) ; 
Colliery Guardian, 125, 1131 (1923). Simpkin, 
S. N., and Sinnatt, F. S., J. Soc. Chem. Ind ., 44, 
197-200T (1925). The method of Sinnatt, 

Owles, and Simpkin is not the method of the 
British Standards Institution (B. S. I. No. 453), 
which is a cone fusion method substantially iden- 
tical with the A.S.T.M. Standard method. 

3 Sinnatt, F. S., New Intern. Assoc. Testing 
Materials, September, 1931. 

4 Bunte, K., and Baum, K., Gas- u. Wasser - 
fach, 71, 97-100, 125-30 (1928). 

5 Bunte, K., and Reerink, W., Ibid., 72, 832-9 
(1929). 

6 Bunte, K., Proc. 2nd Intern. Conf. Bitumi- 
nous Coal, % 231-40 (1928). 

7 Bunte, K., New Intern. Assoc. Testing Ma- 
terials, September, 1931. 

s Reerink, W., and Baum, K., Wiirme, 53, 746- 
51, 766-71 (1930). 


staff of the United States Bureau of Mines. 
It is based on very elaborate and pains- 
takingly acquired experimental evidence, 
which is described, together with applica- 
tions to the ash of a very large number 
of coals, in numerous publications. 9 * 10 * 11 
The history of the development of the 
method is given in Bulletin 129 of the 
United States Bureau of Mines, 3 which in- 
cludes a detailed summary of the work of 
earlier investigators. Appended to the bul- 
letin is a bibliography of 1ST titles cover- 
ing not only fusibility and c lingering of 
coal ash but also the physical chemistry of 
slags and silicates, melting and softening 
temperatures of oxides, sulfides, and slags, 
pyrometric cones, pyrometers and the 
measurement of high temperature, and 
laboratory furnaces for high-temperature 
work. 

Prior to the studies described in Bulletin 
129 it was not at all uncommon for soften- 
ing temperatures determined on the same 
ash by different laboratories to differ by 
several hundred degrees. Because most 
coal ashes contain appreciable amounts of 
iron which, at the temperatures involved, 
can exist in three states of valence (metal- 
lic, ferrous, or ferric iron), depending on 

s Fieldner, A. C., Hall, A. E., and Feild, A. L., 
U. S. Bur. Mines, Bull. 129 (ISIS). 146 pp. 

10 NichoUs, P., and Selvig, W. A.. V. S. Bur. 
Mines, Bull. 364 (1932), 72 pp. 

11 Fieldner, A. C., and Hall, A. E., J. Ind. Eng. 
Chem., 7, 399-406, 474-SI (1915). Fieldner, A. 
C-, and Feild, A. L., ibid., 7, 742-7, S29-35 
(1915). Fieldner, A. C.. and Selvig, W. A., Fuel, 
5, 24-33 (1926). Selvig, W. A.. Coal Age, 15, 
12 (1919). Selvig, W. A., Nieholls, P.. Gardner, 
W. A., and Muntz, W. E.. Mining and Met. In- 
vestigations, U. S. Bur. Mines, Carnegie Inst. 
Tech., & Muiing & Met. Advisory Boards, Coop. 
Bull., 29 (1926), 63 pp. Selrig. W. A., Brown, 
O, C. T and Fieldner, A. C., Coal Age , 17, 177-SO, 
225-30 (1920). Selvig, W. A., and Fieldner, A. 
C., Chem. £ Met . Eng., 26, 6*29 (1919) ; U. S. 
Bur. Mines, Bull. 209 (1922), 119 pp. ; Coal Age, 
15, 1086 (1919). Selrlg, W. A., Ratcliff, W. €., 
and Fieldner, A. 0., ibid., 15, 698 (1919) ; Chem. 
& Met. Eng., 20, 274-6 (1919). 
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the oxidation potential of the environment, 
the workers at the Bureau of Mines be- 
lieved that the large variations noted above 
were to be ascribed, primarily, to the oxi- 
dation potential of the furnace atmosphere. 
They chose to work with test pieces molded 
from the finely ground ash into the form 
of Seger cones. Duplicate cones were 
heated in several different types of fur- 
naces such that the furnace atmospheres 
varied from strongly oxidizing to strongly 
reducing. The results obtained showed 
clearly that the temperature required to 
produce a given degree of deformation of 
the test piece was, in general, much higher 
when the atmosphere was either 100 per- 
cent oxidizing or 200 percent reducing than 
I when the ratio of oxidizing to reducing 
\ gases present was in the vicinity of unity. 

It was also noted that the tall, slender 
Seger cone shape did not provide a satis- 
factory test piece because the viscosity and 
surface tension of the liquids produced in 
the fusion process often tended to draw the 
cone into a globule. Consequently many 
cones, instead of bending over smoothly 
until their apices touched the cone pat, 
fused into lumps of irregular shape: if the 
softening temperature was defined as that 
at which the tip of the cone touched the 
pat, such cones had no definite softening 
temperature. Consequently the propor- 
tions of the cones were changed by decreas- 
ing the height and broadening the base. 
Three temperatures were then defined in 
terms of three states of deformation: (1) 
the initial deformation temperature, i.e., 
the temperature at which the tip of the 
cone became definitely rounded under the 
constraint of the surface tension of the 
liquid phase; (2) the softening tempera- 
ture, i.e,, the temperature at which the 
cone had fused into an approximately 
spherical lump; (3) the fluid temperature, 
i.e., the temperature at which the cone 


lost all definite form and flowed out over 
the pat. 

The effect of variations in furnace at- 
mosphere having been demonstrated quali- 
tatively, a quantitative investigation w T as 
made. For this purpose a molybdenum 
furnace was constructed in which the oxi- 
dation potential of the atmosphere could 
be adjusted by controlled gas flow. In one 
series of experiments mixtures of hydrogen 
and water vapor were used, and in another 
mixtures of carbon monoxide and carbon 
dioxide. Both series of experiments served 
to show that ashes containing considerable 
amounts of iron reached the standard states 
of deformation described above at higher 
temperatures when the environment con- 
sisted of either 100 percent oxidizing gas 
or 100 percent reducing gas than w 7 hen it 
consisted of mixtures of intermediate oxi- 
dizing potential. In general small quan- 
tities of oxidizing gas introduced into an 
environment of reducing gas or small quan- 
tities of reducing gas introduced into an 
environment of oxidizing gas produced a 
marked lowering of the initial deformation, 
softening, and fluid temperatures but over 
the range from about 30 percent oxidizing 
gas to about 70 percent oxidizing gas the 
effect of changes in oxidizing potential of 
the environment was not .significant. From 
fundamental physicochemical considera- 
tions this range in gaseous composition was 
shown to correspond to an oxidation poten- 
tial such that ferrous oxide was the stable 
phase for the iron, and analytical determi- 
nations of the forms of iron in cones fused 
in environments falling within this compo- 
sition range indicated that substantially all 
the iron was actually in the ferrous condi- 
tion. On the other hand, analyses of cones 
fused in completely reducing environments 
showed substantially all the iron in the me- 
tallic state, and cones fused in completely 
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oxidizing environments contained princi- 
pally ferric iron. 

The existence of this wide range over 
which the composition of the gaseous envi- 
ronment may vary without substantially 
altering the temperatures at which the 
cones reach the standard states of defor- 
mation is, obviously, a decided advantage. 
Moreover, since measurements within this 
range give minimal values the results ob- 
tained will not be misleading in the di- 
rection of causing overestimation of the 
refractoriness of ashes so tested. Most 
important of all is the fact that this range 
in gaseous composition probably corre- 
sponds fairly closely to that which exists 
in the hottest parts of a fuel bed and, con- 
sequently, determinations made in such an 
environment should be a better indication 
of the fusion characteristics which the ash 
would exhibit under service conditions than 
determinations made in any other gaseous 
environment. 

In view of the relatively wide range over 
which the composition of the gaseous envi- 
ronment might be permitted to vary, it 
appeared to the Bureau of Mines investi- 
gators that, if a gas-fired furnace were 
used with a deficient air supply, the re- 
sults should agree closely with those ob- 
tained in the more expensive molybdenum 
furnace with a 50-50 oxidizing-reducing gas 
atmosphere. Kaplan 12 had modified the 
“No. 3 melter’s furnace’ 3 for use in ash- 
fusibility measurements, and E. B. Rick- 
etts, Research Engineer, New York Edison 
Company, had used this furnace for a num- 
ber of years. The furnace had also been 
used. at the Pittsburgh Experiment Station 
of the United States Bureau of Mines. 
Therefore comparisons were made between 
results obtained with it, when operated 
with just enough air to maintain the de- 

12 Kaplan, B. B., Ind. Eng. Chem., 16* 847— S 
(1924). 


MEASUREMENT 

sired rate of heating, and results obtained 
on the same ashes when using the molyb- 
denum furnace with a controlled atmos- 
phere. A satisfactory agreement was found 
between the two sets of determinations, 
and the gas furnace was adopted as the 
standard apparatus. 

In addition to the foregoing major con- 
siderations the size and proportions of the 
test pieces, the fineness of grinding of the 
ash, the method of ashing, and the manner 
of molding and mounting the cones were 
investigated. The effect of the rate of 
heating was also carefully studied. 

The results of these investigations were 
utilized to formulate the A.S.T.M. stand- 
ard method. 1 Subsequently two additional 
gas furnaces have been approved by the 
A.S.T.M. for ash-fusion determinations : 
the Denver Fireclay furnace, which differs 
in no essential respect from the No. 3 
melter’s furnace, both being large, pot- 
type furnaces, and the Barrett fusion fur- 
nace, 13 which is a small furnace of the hori- 
zontal muffle type. Only six cones can be 
tested simultaneously in the Barren fur- 
nace as against ten in the larger pot fur- 
naces: however, owing to its smaller heat 
capacity, it cools more rapidly, and conse- 
quently more runs can be made with it in 
a given time. The furnace is so con- 
structed that the cones are viewed against 
a background which is always somewhat 
cooler than the cones, so that observation 
of the degree of deformation is facilitated. 
Committee D-5 of the American Society for 
Testing Materials supervised tests of this 
furnace and has approved its use in ash- 
fusion measurements. 14 It is believed to 
be inadvisable to test more than five cones 
at one time, but some laboratories take ad- 

13 Barrett, E. P., Proc. Am. 80 c. Testing Ma- 
terials , 33* Pt. II, 627-36 (1935). 

14 Ibid., 37, Pt I, 404 (1937). 
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vantage of the size of the large pot fur- 
naces to crowd in as many as ten cones. 

Fish, Taylor, and Porter 15 endeavored, 
with only fair results, to adapt the Rem- 
mev oxvacetylene furnace to the measure- 
ment of coal-asb-softemng temperatures. 
They placed the ash cone on a pat with a 
number of standard pvrometric cones and 
took as the softening temperature the py- 
rometric cone equivalent of the standard 
cone, the tip of which had just touched the 
pat when the ash cone became spherical. 
Xo advantage appears to be derived from 
the use of standard pvrometric cones, espe- 
cially as an optical pyrometer controls the 
rate of heating. More recently Gilmore 
and Young 16 compared results obtained in 
the Remmey furnace with those obtained 
in the Xo. 3 melters furnace and concluded 
that, when the furnace is properly installed 
and operated, it meets the requirements of 
the A.S.T.M. standard method. 

The conclusions reached and the mode of 
procedure described in Bureau of Mines 
Bulletin 229 have stood the test of time 
remarkably well. Those who developed 
the procedure recognized that it was not 
altogether satisfactory as an index of 
clinker trouble. In fact, the bulletin spe- 
cifically stated that a procedure which per- 
mitted measurement of the viscosity of the 
coal-ash slag over a wide temperature range 
by some appropriate method, such as that 
applied by Feiid 17 to blast-furnace slags, 
wouid probably permit a closer correlation 
between test results -and clinker trouble in 
fuel beds. However, the method has been 
found to be oi very considerable practical 
value, and a minimum ash-softening tem- 

15 Fisk, F. H.. Taylor, F. AL, and Porter, J. L., 
Ind. Eng , Chem Anal. Ed., 4, 442-3 (1832). 

is Gilmore, R. £., and Young, R. J., Bur. 
Mines, Mines and Geology Branch , Dept. Mines 
and Resources , Ottawa, Canada, Memorandum 
Series , 71 (Mas, 1939). 

it Feiid, A. L., U. S. Bur . Mines, Tech. Paper 
157 (1916), 29 pp. 


perature is specified in nearly all large pur- 
chases of coal. 

As will appear later, all investigators of 
coal-ash fusibility, regardless of the par- 
ticular method of test, have confirmed the 
observations made on the effect of the com- 
position of the gaseous environment. How- 
ever, not all those who have worked with 
test pieces of pyramidal shape have ac- 
cepted all the details of the A.S.T.M. 
standard method. Kreulen, 18 for example, 
did not recommend the use of the dextrin 
binder and, in spite of the objections noted 
in Bulletin 129, continued to use a tall, 
slender cone. He confirmed the effect of 
the gaseous environment reported by the 
American -workers and noted that the ad- 
dition to the cone of coke from the coal 
which was the source of the ash being 
tested raised the softening temperature. 
Care should be taken to insure complete 
ashing not only to avoid reduction of iron 
to the metallic state, with a consequent ele- 
vation of the softening temperature, but 
also because the presence of even small 
amounts of combustible residue may result 
in swelling and intumescence of the cones. 

Pacukov, 19 discussing the A.S.T.M. 
standard method, suggested that the tests 
might better be made on the slag resulting 
from fusion rather than on the ash. This 
suggestion, together with others of a simi- 
lar nature, will be considered later in this 
survey. 

Pieters 20 and Pieters and Smeets 21 uti- 
lized a test piece, similar to a Seger cone 
with a truncated apex, formed by suspend- 
ing the pulverized ash in water and casting 

is Kreulen, D. J. W., Chem. Weekhlad, 24, 599- 
602 (1927), 25, 192-4 (1928), 33, 291-2 (1936). 

is Pacukov, N. G., Izvest. Teplotekh. I?ist., No. 
10, 34-6 (1927), No. 5, 18-28 (1928). 

20 Pieters, H. A. J., Chem . Weekhlad, 27, 331-4 
(1930), 33, 510-20 (1936). 

21 Pieters, H. A. J., and Smeets, G., (a) Met 
Gas, 52, 171-2 (1932) ; (&) md., 53, 446-8 
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in a mold. The end point was taken as the 
temperature at which the top of the bend- 
ing cone touched the pat. The procedure 
appears to possess no advantage over the 
A.S.T.M. standard method and is open to 
the same objection as all other methods 
employing cones that are tall relative to 
their base area. 

The Method of Sinnatt, Owles, and 
Simpkin. The method developed by Sin- 
natt, Owles, and Simpkin, 2 * 3 utilized a 
cylinder of ash Vz 2 inch in diameter formed 
by extrusion through a die, the rod so ob- 
tained being cut into pieces %6 inch in 
length. These pieces were mounted verti- 
cally and heated in a quartz tube which 
formed the horizontal core of a magnesia- 
lined gas furnace. Because the quartz core 
was impervious to combustion gases it was 
necessary to control the atmosphere in the 
tube. This was done by means of a mix- 
ture of hydrogen and steam. The tem- 
perature at which the test piece fused to 
an approximately spherical lump was called 
the melting point. 

Dawe 22 devised a means for controlling 
the composition of the hydrogen-steam 
mixture, and Dawe and Falkner 23 de- 
scribed an electric furnace, equipped with 
a saturator to produce a proper atmos- 
phere, which was adapted to making this 
test. 

It appears that the difference in shape of 
the test piece or in the mode of its produc- 
tion affects the results obtained. Nicholls 
and Selvig 10 tabulated the results of meas- 
urements made in a gas furnace conforming 
to the A.S.T.M. standard. Their data 
showed that of 42 ashes tested both in the 
cone form and in the form of extruded rods 
only 4 gave identical results. Eleven sam- 

22 Dawe, A., Fuel, 12, 271-5 <1933). 

28 Dawe, A., and Falkner, C. W., ibid., 13, 
230-6 (1934). 


pies gave higher results in the extruded rod 
form than in the cone form and 27 gave 
lower results. The average difference for 
those giving positive deviations was plus 
55° F; for those giving negative deviations, 
minus 90° F. The algebraic average devia- 
tion of the rod forms from the cone forms 
was minus 44* F. The maximum positive 
deviation was plus 120° F, and the maxi- 
mum negative deviation minus 120° F. 

The data indicated that cylindrical test- 
pieces formed by extrusion in general de- 
form to a substantially spherical form at 
a lower temperature than hand-molded 
cones. This may be ascribed, primarily, 
to the method of forming rather than to 
the difference, in shape. The cylindrical 
test pieces being formed by extrusion are 
probably subjected to higher pressures, 
with a resultant closer packing of the in- 
dividual particles, than the hand-molded 
cones. The softening temperature does not 
represent an equilibrium condition but, on 
the contrary, markedly depends on the rate 
of solution of solid particles in a liquid 
phase; consequently, any treatment which 
tends to accelerate the rate of solution will 
tend to lower the temperature at which an 
approximately spherical state of deforma- 
tion is reached. Close packing of the 
particles is such a treatment, and it ap- 
pears, therefore, that softening-tempera- 
ture measurements made on extruded rods 
might be expected to give somewhat lower 
results than those made on hand-molded 
cones. 

On the whole, the discrepancies noted 
in the results obtained by the alternative 
methods of preparing the test pieces do not 
appear to be of marked practical signifi- 
cance, for, as will be shown later, the cor- 
relation between the results of ash-fusion 
measurements and the clinker trouble ex- 
perienced in actual practice is not close 
enough to permit a reliable prediction as 
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to which of two ashes differing by only 
100° F in softening temperature will give 
the greater amount of clinker trouble in a 
fuel bed under service conditions. 

The method of Sinnatt, Owies, and Simp- 
kin has been studied by Tweedy 24 and by 
Wallsom, 25 but neither they nor any of the 
others who have utilized this method have 
brought to light any important factors in- 
volved in obtaining consistent results which 
were not considered by those who devel- 
oped the A.S.T.M. standard method. 

The Method of Bunte and Baum. The 
method of Bunte and Baum 4 » e * 7 and its 
modification by Bunte and Reerink 5 » 8 are 
somewhat more elaborate than either of 
the methods previously described. A cylin- 
drical test piece 25 millimeters in diameter 
and SO millimeters high is mounted verti- 
cally in a carbon resistance furnace be- 
tween two pieces of electrode carbon. The 
upper piece is movable, and its position is 
recorded on a rotating drum so that a rec- 
ord of height versus time, which can be 
converted to a record of height versus tem- 
perature, is obtained. 

If the initial deformation temperatures 
and the softening temperatures are located 
on the melting curves determined in this 
way it is found that they bear no charac- 
teristic relationship to changes in slope of 
the curves. Bunte 6 * 7 believed that the 
melting curves obtained can be grouped 
into three classes and can be interpreted as 
indicating the occurrence of chemical reac- 
tions some of which may increase the re- 
fractoriness of the ash. Curves which show 
no halting points and in which the collapse 
of the test piece occurs smoothly over a 
rather narrow temperature range are taken 

24 Tweedy, S., Gas World, 103, Coking Sect.. 
99-104 (1935). 

25 Wallsom, H. B., Fuel Economist , 7, 313-6 
(1932). 


as indicating that the ash is homogeneous 
and that no chemical reactions occur. 

It should be remarked that the carbon 
resistance furnace provides an atmosphere 
comparable to that of a gas furnace be- 
cause determinations made on cones in 
both such furnaces agree well. Bunte and 
Baum 5 gave comparative data on this 
point. 

The method has been used by a number 
of observers, occasionally wfith some modi- 
fications. Abramov 26 applied it to Rus- 
sian coal ashes and discussed the mecha- 
nism of fusion. Baum 27 discussed earlier 
methods in the light of the information ob- 
tained from melting curves. Bro 28 used 
the method and discussed the melting proc- 
esses at length but without bringing out 
any new considerations. Kosaka and his 
coworkers 29 applied the method of Bunte 
and Baum extensively in the study of the 
fusion characteristics of Japanese coal 
ashes but "without in any way affecting 
the conclusions derived from earlier work. 
Pieters and Smeets 21a compared results 
obtained by this method with cone-de- 
formation measurements. The A.S.T.M. 
standard method, the British method, and 
the method of Bunte and Baum were sum- 
marized and discussed by Sinnatt 3 in a 
paper which gives data to show that results 
obtained by all three methods are in sub- 
stantial agreement. 

26 Abramov, S. N., Zavodshaya Lai 6, 81-3 
(1937) ; CoTce and Chem. (U.S.S.E.), 7 , 15-8 
(1937) ; Chimie & Industrie. , 3 S, 874 (1937). 

27 Baum, K., Gliichauf , 64, 1733-41 (1928). 

28 Bro. Louis, J. usines gaz, 56, 422-31 
(1932) ; Chaleur et ind., 15, 37-57 (1934), 19, 
583-9 (1938). 

29 Kosaka, Y„ J. Fuel Soc. Jay an, 14, 119-24 
(1935). Kosaka, Y., and Toda, H., J. Soc. Chem. 
Ind., Japan , 37, 98-101B, 188-9B (1934) ; J. 
Soc. Chem. Ind Japan, 40, Suppl. binding, 179— 
80, 180-2 (1937). Kosaka, Y. } Toda, H., and 
Kitagawa, C., J. Soc. Chem. Ind., Japan, 37, 
606 — 1 OB, 610— 4B (1934) ; J. Soc. Chem. Ind., 
Japan, 39, “Suppl. binding, 36-8, 38— 40 (1936). 
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Methods Not Generally Accepted as 
Standard. The micropyrometer method is 
an adaptation of a method described by 
Burgess 30 for determining the melting 
points of minute quantities of material 
The apparatus was described in detail and 
the results obtained with it were compared 
with those given by the A.S.T.M. standard 
method by Fieldner, Selvig, and Parker. 31 

In this method an amount of finely 
ground ash equal in volume to about the 
head of a pin is placed on a platinum strip 
which serves as the heating element. The 
strip is surrounded by a small metal fur- 
nace which permits the maintenance of a 
controlled atmosphere. The furnace is pro- 
vided with a thin glass window through 
which the ash is observed by means of a 
microscope which is also equipped to func- 
tion as an optical pyrometer. The tem- 
perature at which the ash fuses around its 
edges, as indicated by a thin white border 
spreading around the specimen, is observed 
and recorded as the initial fusion tempera- 
ture. The final fusion temperature is taken 
as that at which fusion is complete as indi- 
cated by the disappearance of the last dark 
spot when the specimen is viewed through 
the microscope. The platinum strip is 
heated electrically, the rate of temperature 
rise being controlled by a. rheostat. 

All investigators who have worked with 
the micropyrometer have been in substantial 
agreement that the results obtained with it 
cannot be used interchangeably with those 
obtained by the A.S.T.M. standard method. 
Bunte and Baum, 5 who compared the mi- 
cropyrometer method with the American, 
British, and German methods, found sub- 
stantial agreement among the three stand- 
ard methods but no correlation with the 

30 Burgess, G. K., U. S. Bur. Standards, Sci. 
Paper 198 (1913). 

31 Fieldner, A. C., Selvig, W. A., and Parker, 
W". L„ J. Ind . Eng. Ghent ., 14, 695-8 (1922). 


results obtained with the micropyrometer. 
De Graaf 32 incorporated certain mechani- 
cal features intended to increase accuracy 
and simplify operation, but Selvig 32 has 
demonstrated, with the cooperation of five 
other laboratories, that the method is un- 
satisfactory. 34 Hudson 35 compared 27 
samples using the de Graaf apparatus and 
the standard gas furnace: he concluded 
that the de Graaf apparatus gave a fair 
correlation in the range from 2,300 to 
2,500° F. Jones, Farmer, Brewer, and Por- 
ter 36 stated that the micropyrometer did 
not give uniform results unless the ash was 
applied to the strip in the form of a pellet 
of uniform size and shape. If this was 
done the results were somewhat lower for 
high-fusing ashes and higher for lov-f using 
ashes than those obtained by the gas-fur- 
nace method. However, they stated that 
the results obtained conformed more closely 
to those observed in practice and recom- 
mended the mieropyrometer for routine 
testing of the quality of coal deliveries. 
Vassar 37 considered the micropyrometer 
satisfactory, stating that it gave reproduc- 
ible results that could be correlated with 
observations under actual fuel-bed condi- 
tions. This, he said, is more important 
than a correlation with the A.S.T.M. stand- 
ard method. 

In a sense, the apparatus developed by 
Bramslev 3S was a micro modification of 

32 Eimer and Amend, New York. N. Y. Bull. 
402 (1929). 

33 Selvig, W. A., V. 8. Bur. Mines , Repts. In- 
vestigations , 3003 (1930), 17 pp. 

34 See also Brennan, J. J., Mitchell, D. F., 
Tierney, F. P., and Thompson, W. C., Ind. Eng. 
CJiem.f Anal. Ed., 9, 106-11 (1937). 

35 Hudson, Bay P., Trans. Am. Inst. Mining 
Met. Engrs IDS, 324-5 (1934). 

36 Jones, M. C. K., Farmer, H., Brewer, J. E., 
and Porter, H. C., Ind. Eng. Ghent., Anal. Ed., 2, 
325-8 (1930). 

37 Vassar, H. S., Proc. Am. Gas Assoc., 1929, 
1099-102. 

3S Bramslev, E. B., Gas - u. Wasserfach , 79, 
943-6 (1936). 
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the method of Bunte and Baum, differing 
from it in that the deformation of the test 
piece was followed photographically so that 
no external mechanical force entered into 
the deformation of the test piece, which 
was so small that only a few centigrams 
of ash was required as a sample. The de- 
formation of the molded specimen was re- 
corded by projecting upon a fiber in a 
camera the image, magnified 13.5 times, of 
a slit which covered the test specimen. The 
slit image was reflected into the camera 
from the mirror of a galvanometer actu- 
ated by a thermocouple in the ash -fusion 
furnace so that the image of the slit at all 
times occupied a position that was a func- 
tion of the furnace temperature. A screen 
in the camera provided reference lines on 
the film in order that changes in length of 
the specimen could be read directly from 
the photographic record. The data so 
obtained are comparable to the melting 
curves of Bunte and Baum, and their in- 
terpretation will be considered along with 

lose of Bunte and Baum in connection 
[ with the significance of viscosity and sur- 
face tension of coal-ash slags. 

Diepschlag 23 described a method for 
measuring the “temperature of dripping” 
of slags, etc. The procedure has not been 
applied by other observers to the study 
of coal ash, and it seems unlikely that it 
wouid show any very useful correlation 
with practical experience in furnaces. 

Dolch 4!j and Dolch and Pochmiiller 41 
devised a micro method in which a small 
amount of the ash was placed on the flat- 
tened junction of a platinum-platinum rho- 
dium thermocouple. In the original Dolch 
and Pochmulier method heat was supplied 
from below by an arc lamp and in Dolch’s 

23 Dlepsclilag, E., Feuerungstech., 21, 115-7 
(1933). 

40 Dolch, M., W&rme, 54, 255-7 (1931). 

41 Dolek, M., and Pochmulier, E., Feuerungs- 
tech ., 18, 149-51 (1930). 


modification by an arch of resistance wire. 
The specimen was observed from above 
with a microscope. Agreement within 20 
Centigrade degrees in the vicinity of 
1,600° C with accepted melting points of 
known substances was claimed by the 
authors. 

Ludmila 42 used the method and claimed 
agreement with known melting points 
within 10 Centigrade degrees at 1,000° C. 
However, Simek, Coufalik, and Beranek 43 
claimed that the method gave low results 
because of thermal losses through the ther- 
mocouple. The procedure has not been 
generally adopted. It appears to be less 
satisfactory than the micropyrometer. 

Mertens 44 used a graphite tube furnace, 
the tube being surrounded with finely pow- 
dered wood charcoal. The tube served as 
the heating element of a carbon resistance 
furnace. An atmosphere of nitrogen was 
provided to minimize oxidation of the tube. 
Test pieces in the form of small tetrahedra 
were placed on small iron trays within a 
magnesia tube closed at one end, and the 
tube was then put in the hot zone of the 
furnace. Temperatures were read with an 
optical pyrometer. So far as the writer is 
aware, no other investigators have used 
Mertens’ method. 

Summary. Three methods for measur- 
ing the fusion or softening temperature of 
coal ash which yield results in substan- 
tial agreement are the A.S.T.M. standard 
method, the method of Sinnatt, Owles, and 
Simpkin, and the German Gas Institute 
method. In all three an attempt to esti- 
mate relative viscosities of the melting 

42 Ludmila, J. r Mitt. Kohlenforsch. Inst. Frag , 
1, 82-8 (1931-3). 

43 Simek, B. G., Coufalik, F., and Beranek, Z., 
Feuerungstech., 22, 1-6 (1934) ; Mitt. Kohlen- 
forsch . Inst. Frag, 2, 34-51 (1935). 

44 Mertens, E., Bull, federation ind. chim. Belg. t 
3, 292-301 (1924). 
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ashes is made by noting the temperature 
interval between two or more standard 
states of deformation, but the introduction 
by Bunte and Baum of means for record- 
ing the degree of deformation automati- 
cally provides more complete information 
on this point than the three basic methods. 

With the exception of these three meth- 
ods and of the micropvrometer method, 
none of the procedures that have been 
proposed have been adequately checked 
against actual fuel-bed performance under 
controlled conditions and none of them, the 
micropyrometer method included, shows a 
definite correlation with the three basic 
methods. 

ASH FUSIBILITY AS A FUNCTION OF 
COMPOSITION 

Theoretical Considerations** Bunte 6 
discussed his method of obtaining melting 
curves, described in the preceding section 
of this survey, in part, as follows: 

It seems to me that from these curves, it 
follows that it is impossible — and why it is 
impossible — to draw a conclusion as to the 
fusion point from the relation of the basic 
and acid constituents. The old maxim cor- 
pora non agunt nisi fluida is also valid here. 
Calcium oxide, for instance (from CaCOs), 
aluminum oxide (AI 2 O 3 ), and silica are prac- 
tically unmeltable in the furnace. Their me- 
chanical mixtures behave in the same way 
until a faster-melting constituent dissolves 
them. The calcium aluminum silicates (e.g., 
clay, garnet), on the contrary, which can 
have the same analytical composition melt 
easily. 

Although Bunte’s argument is very per- 
suasive, nevertheless the fact remains that 

45 In this section reference will not, in general, 
be made to original work on phase equilibria. 
The reader is referred to “A Compilation of 
Phase Rule Diagrams of Interest to the Ceramist 
and Clay Technologist” by F. P. Hall and Her- 
bert Insley (J. Am. Ceram. Soc 16, 455-56S 
[1933]), which contains all the equilibrium dia- 
grams referred to in this survey together with 
original references. 


a number of rather successful correlations 
between chemical composition of coal ash 
and its softening temperature have been 
found. The reason may be, in part, that 
the correlations that have been published 
have been confined largely to coals from a 
fairly restricted area, principally the states 
of Pennsylvania, Ohio, Illinois, West Vir- 
ginia, and Kentucky, as a consequence of 
which it would not be surprising to find 
that the ash-forming minerals present were 
fairly similar, that is, that the ash-forming 
minerals contained in most of the coals dif- 
fered in relative amount but that the num- 
ber of mineral species involved was rather 
small. 

It is not proposed to consider here the 
nature of the ash-forming minerals con- 
tained in coals from these regions because 
the subject is fully discussed in Chapter 14. 
Suffice it to say that the silica and alumina 
which concern Bunte are not present as 
such in large amounts in most coals from 
the above regions. The large proportions 
of these oxides which are determined in the 
ordinary chemical analysis of ash are con- 
tributed, not by the simple oxides, but by 
kaolin minerals such as kaclinite or by 
complex aluminosilicates, such as the chlo- 
rites or muscovite mica, which contain alu- 
mina and silica combined in the kaolin 
ratio. It is true that quartz (Si0 2 ) and 
diaspore (A1 2 0 3 *H 2 0) do occur in small 
amounts as shown by direct observation 
and as indicated by the fact that many 
coal ashes do not contain silica and alu- 
mina in the kaolin ratio (Si0 2 /Al 2 0 3 = 
1.17). However, it can be shown that the 
softening temperature of a coal ash de- 
pends primarily on its chemical composi- 
tion (provided that the ash is prepared for 
testing in a standardized manner), and 
that, within fairly narrow limits, a coal ash 
can be regarded, so far as its softening tem- 
perature is concerned, as though it were 
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kaolin contaminated by a mixture of me- 
tallic oxides. 

Consider a simple uvo-component sys- 
tem, such as that shown in Fig. 1, in which 
there are no intermediate compounds and 
no solid solutions. The curve AEB is the 
liquidus of the system, and TET is the eu- 
tectic isotherm. If mechanical mixtures of 



Fig. 1. Comparison of liquidus and cone 
tioa curves for a generalized two- 
neat system. 


the components C 1 and C 2 are molded into 
cones, and cone-deformation temperatures 
determined according to some accepted 
technique, a cone deformation temperature- 
composition curve will be obtained which 
has a minimum at the eutectic composition. 
The actual deformation temperatures ob- 
tained will depend primarily upon the rate 
of heating if other factors are kept con- 
stant. 

If, in addition to mixing the components, 
we allow reaction and solution to occur by 
heating the mixtures to some definite tem- 
perature, for some definite length of time 
before the cone deformation is measured, a 
different curve will be obtained. Conse- 


quently, if we are to speak of the relation- 
ship between cone-deformation and equi- 
librium diagrams, it is necessary to suppose 
that the cones are always prepared from 
materials which have been subjected to 
some standard treatment before deforma- 
tion temperatures are determined. In the 
discussion which follows it will be assumed 
that the mixtures of C 1 and C 2 have been 
heated to a temperature somewhat below 
the eutectic for several hours before final 
grinding and molding into cones, a pro- 
cedure not dissimilar to that involved in 
ashing a coal preparatory to measuring 
softening temperatures. 

Assuming that the cones have been pre- 
pared from powders that have received the 
standard treatment specified above, it is 
possible to determine qualitatively what 
the nature of the deformation temperature- 
composition curve must be. If the compo- 
nents C 1 and C 2 are pure, the points A 
and B will constitute the two ends of the 
curve; the point E will likewise lie on the 
curve. 

It is apparent that for the cones to reach 
the standard state of deformation it is un- 
necessary for them to consist entirely of 
liquid. The exact amount of liquid to pro- 
duce the standard deformation depends 
primarily on the viscosity and surface ten- 
sion of the liquid. However, it is certain 
that the cone-deformation temperature for 
any composition will lie below the liqui- 
dus. 46 On either side of the eutectic com- 
position is a range of compositions all of 
which show substantially the same defor- 
mation temperature. The limits of this 
range are the compositions at which the 
cone contains just enough liquid to pro- 
duce the standard state of deformation at 
the eutectic temperature. These limits are 

46 It is true that some of the feldspars do not 
flow until heated well above their melting points, 
but the generalization, nevertheless, is true for 
coal ashes and fireclays. 
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shown in Fig. 1 as points C and D. In 
practice, where materials from natural 
sources are of interest, this portion of the 
cone-deformation curve will not follow the 
straight line CED but, owing to the pres- 
ence of small amounts of impurities, will 
follow the arc CD. 

Figure 2 shows an application of this 
theory to two coal ashes, the analyses of 
which are shown in Table I. If the rela- 

TABLE I 


Composition of Coal Ashes 


aple No. 

1 

2 


percent 

percent 

Si0 2 

49.1 

36.3 

AI2O3 

42.0 

31.4 

Fe 2 0 3 

2.8 

27.5 

CaO 

2.3 

2.1 

MgO 

0.4 

0.3 


tive amounts of silica, alumina, and alka- 
line-earth oxides are expressed 011 the basis 

Si0 2 4- A1 2 0 3 -FCaO 4- MgO = 100 percent 

the data of Table II are obtained. Legiti- 
mate objections may be raised to classify- 
ing magnesium as an alkaline earth, but for 

TABLE II 

Composition of Coal Ashes on the Iron 
Oxide-Free Basis 


Sample No. 1 2 

percent percent 
Si0 2 52.4 51.9 

A1 2 0 3 44.7 44.7 

CaO+.MgO 2.9 3.4 


the purposes of this discussion it is con- 
venient to do so. It is also instructive to 
calculate the ratio of silica to alumina for 
these ashes and to compare it with that of 
kaolin. Such calculation yields: 

Sample No. 1 2 Kaolin 

Si0 2 /Al 2 0 3 1.17 1.16 1.17 


These calculations are of interest because 
they show' that these two ashes, which ap- 
pear to be quite different according to the 
ash analysis, were very closely related. 
Both contained silica and alumina in the 
kaolin ratio, and both contained about 3 
percent of alkaline-earth oxides, so that the 



fFeO x l DO )/{ FeO + SiQ 2 ) 

Fig. 2. Relationship of softening temperature 
to composition for a particular ferrous oxide 
coal-ash system. 

difference between them consisted simply 
in a relatively larger amount of ferric oxide 
in sample 2 than in sample 1. Moreover, 
a petrographic examination of sink frac- 
tions, at high specific gravities, of the coals 
from which these ashes were derived showed 
the presence of very little quartz or dia- 
spore. 47 Consequently we are justified in 
assuming that the alumina and silica in 
these ashes were present chiefly as kaolin. 

The considerations brought out in the 

47 Gauger, A. W. t Barrett, E. P., and Williams, 
F. J. } Trans. Am. Inst. Mining Met. Engrs 108, 
226-36 (1934). 
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theoretical discussion show that if the pow- 
ders from which ash cones are to be made 
are finely ground and intimately mixed, 
and are brought to the same standard state 
before the cones are made, then: (1) the 
softening temperatures can depend only 
upon the composition and not upon the 
manner in which the composition is ob- 
tained; and (2) the softening temperature 
must be closely related to the phase-equi- 
librium diagram for a system of the com- 
ponents which make up the ashes. 

The major components are silica, alu- 
mina, and ferrous oxide. 43 We may neg- 
lect, for the moment, the alkaline earths 
and a small amount of alkalies (not shown 
in the analysis). The ternary system S10 2 - 
Al 2 0 3 -Fe0 has not been studied, nor has 
the binary system Al 2 0 3 -FeO. However, 
so long as relatively large amounts of silica 
are present we can assume that the binary 
system SiCMFeO will control the behavior 
of the cones except that the immiscible 
liquid region of the equilibrium diagram 
will not appear on the cone-deformation 
diagram and that, consequently, lowering 
of the softening temperature will occur in 
a regular manner as the ferrous oxide con- 
tent increases. 

The results of experiments designed to 
test the correctness of these assumptions 
are shown in Fig. 2. Curve 1 is the liqui- 
dus of the system SiOo-FeO. Curve 2 was 
obtained by adding ferric oxide to ash 1 in 
such amounts that, after reduction to fer- 
rous oxide in the ash-fusion furnace, the 
relative amounts of silica and ferrous oxide 
would be those shown in the figure. The 
ferric oxide was merely mixed with ash 1 
by grinding in a mechanical mortar for 15 
minutes. 

48 Shown in the ash analysis as ferric oxide, 
hot it will he remembered that the conditions of 
the A.S.T.M. standard method effect substantially 
complete reduction of ferric iron to ferrous. 


Although curve 2 closely approximates 
the liquidus it appears anomalous because 
it reflects the two-liquid region on the dia- 
gram and the fluxing action of ferrous ox- 
ide is much less than -would be expected 
for percentages of ferrous oxide up to 50 
percent of the ferrous oxide plus silica pres- 
ent. The theoretical considerations pre- 
sented earlier in this discussion show that 
this result was to be anticipated because 
the ferric oxide was merely mixed mechani- 
cally with the ash. To obtain a result 
characteristic of coal ashes it is necessary 
to bring the powders to the standard state 
of intimate mixture and partial reaction to- 
ward equilibrium which characterizes coal 
ash prepared for test according to the 
A.S.T.M. standard method. 

Because sample 1 and sample 2 were 
practically identical in composition, except 
for their difference in iron content, it was 
possible to compare the effect of increasing 
the iron oxide content in two different 
ways: (1) by mixing samples 1 and 2 in 
various proportions; and (2) by the direct 
addition of iron oxide to ash 1. 

The A series of Fig. 2, curve 3, was pre- 
pared by mixing ashes 1 and 2 in nine dif- 
ferent proportions. The B series was pre- 
pared by mixing the coals from which these 
ashes came in such proportions that the re- 
sulting ashes would have the same compo- 
sitions as the corresponding points of the 
A series. To be sure of obtaining intimate 
mixing of the ferric oxide which was added 
to ash 1 to make the C series, the follow- 
ing procedure was adopted: the required 
weight of ash was suspended in distilled 
water, and a dilute solution of ferric nitrate 
was run into it from a buret until the re- 
quired amount of iron was present; the 
iron was then precipitated with ammonium 
hydroxide buffered with ammonuim chlo- 
ride, after which ammonium oxalate was 
added to prevent the loss of lime and mag- 
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nesia by solution; the precipitates were fil- 
tered and the filter papers transferred to 
crucibles for ignition. 

All the samples of the A, B , and C 
series were ignited at 850° C in an elec- 
tric muffle and then ground in a mechani- 
cal mortar before being molded into cones: 
that is, they were all “ashed” according to 
A.S.T.M. specifications. Care was taken to 
keep the temperature and time of ashing 
constant for all samples. The C' series was 
obtained by the addition of Fe 2 0 3 to ash 
2, by the same technique as was followed 
for the A series. 

The data presented in Fig. 2 and Table 
III clearly show that, when all the samples 

TABLE III 

Deviation of Measured Softening Tem- 
peratures from Curve 3 



A 

B 

C 

C' 

Cone 

Series 

Series 

Series 

Series 


°F 

ojp 

°F 

°F 

Sample 1 

0 




Mixture 1 

0 

15 

25 


Mixture 2 

0 

15 

15 


Mixture 3 

-15 

-15 

0 


Mixture 4 

-5 

-5 

35 


Mixture 5 

-15 

-25 

-40 

-10 

Mixture 6 

-20 

0 

-5 

65 

Mixture 7 

-20 

0 

20 

40 

Mixture 8 

-20 

-20 

0 

10 

Mixture 9 

-20 

10 

-10 

0 


Sample 2 0 

were brought to the same standard initial 
condition, the softening temperatures were 
a function of the composition and were in- 
dependent of the way in which it was at- 
tained. Moreover, these data constitute 
strong evidence that the procedure by 
which the results were related to the equi- 
librium diagram is generally applicable to 
clays and other inorganic mixtures which 
are of the same mineralogical nature, that 
is, which may be regarded as impure kao- 


lin. The procedure would not be quanti- 
tatively applicable to diaspore clays or to 
mixtures of oxides unless these mixtures 
could be brought to the same standard 
state as the ashes and synthetic mixtures 
used here. 

The evidence for the applicability of this 
procedure to clays as well as coal ashes is 
provided by curve 4 of Fig. 2. This curve 
summarizes the data of Rieke 43 on cone 
deformation temperatures for the system 
kaolin-FeO. Rieke’s results averaged about 
60 degrees higher than curve 3 of Fig. 2. 
This difference is readily accounted for by 
the 3 percent of lime and the 1.5 percent 
of alkalies which ash 1 contained. It will 
be observed that the minimum in Rieke’s 
curve occurs at too small a percentage of 
ferrous oxide. In view of the evidence thus 
far presented, this point may be in error. 

The system Ca0-Alo0 3 -S10 2 is of inter- 
est both to the coal chemist and to the clay 
technologist. Figure 3 shows the portion 
of the equilibrium diagram of special inter- 
est to workers in these two fields. If the 
compositions of fireclays and coal ashes are 
expressed on the basis 

CaO -f ALOo -f Si0 2 = 100 percent 

the other components being neglected, it is 
found that the fireclays fall in the field of 
mullite, except for a small percentage of 
samples, high in alumina, which fail in the 
field of corundum. The same is true of the 
ashes from Pennsylvania and West Vir- 
ginia coals, but, owing to the frequent oc- 
currence of relatively large percentages of 
lime, some of the ashes fall in the field of 
anorthite. In the figure the compositions 
marked by circles are those which were 
chosen for a study of cone deformation- 
composition relations in a ternary system. 
Ashes having these compositions were 

49 Rieke, R., Sprechsaal, 16, 229—32 (1910) ; 
J. Am. Ceram. Soc 16, 555 (1933). 
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made by the addition of lime and silica 
to ash 1. The silica was added as anhy- 
drous silicic acid; the lime, by suspending 
the solid mixture in distilled water and 
adding the appropriate amount of a dilute 
solution of calcium nitrate from a buret. 
The calcium was precipitated as oxalate, 
and the mixtures were filtered, ignited, and 
ground as in the experiments with the 
binary system. 

In order to compare the results with the 
equilibrium diagram the effect of the 
small amount of iron present in ash 1 was 
corrected for by assuming that its effect 
was linear and equivalent to 30° per per- 
cent, an assumption justified by the data of 
Fig, 2. In view of the inaccuracy involved 
in ash-softening measurements it suffices to 
assume that the percentage of ferric oxide 
in all samples was 2 percent, and all the 
measured softening temperatures were 
therefore increased by 60° for purposes of 
comparison with the equilibrium diasrram. 

Because of the lime content of ash 1, it 
was not possible to make lime-free mix- 
tures. The points on the alumina-silica 
boundary were obtained from the data of 
Fairchild and Peters 50 (Fig. 4). Figure 5 
compares the liquidus temperatures with 
the cone-deformation temperatures for the 

so Fairchild, C. 0., and Peters, M. F., J. Am. 
Ceram. Soc % 723-4 (1926). 


five different alumina-silica ratios, labeled 
*4, B, C, D and E, respectively, in Fig. 3. 
Figure 6, A and B, compares liquidus and 
cone-deformation temperatures for the five 
different alumina-silica ratios with lime 



kept constant at 12.5 and 15 percent, re- 
spectively. All the softening temperature- 
composition curves are exactly of the form 
which would be anticipated from the theo- 
retical considerations previously presented. 
From the data it may be concluded that; 
1. The fusion characteristics of coal 
ashes and of fireclays are related to their 
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compositions in the same manner, and, as 
long as their mineralogical compositions are 
such that they can be regarded as impure 
kaolins, their cone-deformation tempera- 
tures will vary with their compositions in 
the manner indicated by the data. 





Fig. 5. Effect of lime on the softening tem- 
peratures of silica-kaolin mixtures. 

2. The cone-deformation temperatures 
of mineral mixtures, however complex, are 
closely related to the liquidus temperatures 
of a system of the same components pro- 
vided that the mixtures are always brought 
to the same standard state before measure- 
ments are made, 

3. The differences between curves 2 and 
3 of Fig. 2 suggest that reaction occurs in 
the solid state at a temperature of 850° C. 
Consequently, if concordant results are to 


be obtained between different laboratories, 
it is important that coal samples be ashed 
at a standard temperature for a standard 
length of time. 

General or Qualitative Relationships. 
The preceding outline of the factors in- 
volved in coal-ash fusion makes it possible 
to examine critically some of the more re- 




stdus 
-Cones 


Fig. 6. Effect of silica-alumina ratio on 
softening temperatures of lime-kaolin mixtures. 


cent publications which discuss the effect 
of one or more components on ash-soften- 
ing temperature without attempting to set 
up a coherent system of correlation with 
analytical data. Papers describing more 
or less quantitative correlations will be dis- 
cussed later. 

Kosaka and his coworkers 29 investigated 
the influence of chemical composition on 
the fusibility of the ash of 56 Japanese 
coals. They reported that the composition 
of refractory ashes, i.e., those with soften- 
ing temperatures in excess of 1,400° C 
(2,552° F) fell within the following limits: 
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silica greater than 50 percent, alumina 
greater than 25 percent, ferric oxide less 
than 10 percent, and lime less than 10 per- 
cent. They reported that plotting the per- 
centage of any single component against 
the softening temperature indicated no 
definite relationship. They also stated that 
ashes containing 10 and 20 percent of lime 
and ferric oxide respectively and having a 
silica to alumina ratio greater than 2, or 
ashes containing over 30 percent lime plus 
ferric oxide and having a lime to ferric 
oxide ratio greater than unity, fuse below 
1,250 s C (2,282° F). Also, if lime or ferric 
oxide exceeded 20 percent its fluxing effect 
was decreased, and this phenomenon was 
more pronounced in respect to iron than 
in respect to lime. Moreover, they stated 
that these relations were less pronounced 
in a reducing atmosphere than in an oxi- 
dizing one. 

The writer has never attempted to com- 
pare the effects of composition on softening 
temperatures as measured in oxidizing and 
in reducing atmospheres, but it appears 
that a less definite correlation under oxi- 
dizing conditions can only signify that the 
oxidizing potential of the environment 
varied considerably in Kosaka’s measure- 
ments and, since the measured softening 
temperatures fell rapidly with the intro- 
duction of small amounts of reducing gases 
into an oxidizing atmosphere, it is probable 
that the results obtained in what Kosaka 
called an oxidizing atmosphere were a func- 
tion not only of the composition of the 
ashes but also of the composition of the 
gaseous environment. 

After an extended study of the effects 
of lime and ferric oxide on the fusion of 
coal ash in an oxidizing environment Ko- 
saka and his coworkers reported that: 

1. Ferric oxide mechanically mixed with 
coal ash decreased the softening tempera- 
ture of three samples, the effect being 


small after the ferric oxide content reached 
20 percent. 

2. On three other samples ferric oxide 
had little effect or increased the softening 
temperature. 

3. The first three samples had relatively 
high softening temperatures; the latter 
three, lower softening temperatures. 

4. For all six ashes additions of lime 
lowered the softening temperatures up to 
25 to 35 percent lime, after which the sof- 
tening temperature increased. 

5. Additions of both lime and ferric oxide 
indicated that ashes containing considerable 
amounts of ferric oxide require a large 
amount of lime to produce a lowering of 
the softening temperature, but in the pres- 
ence of considerable amounts of lime a 
small addition of ferric oxide was effective. 

6. The ratio of silica to alumina seemed 
to be very important in determining the 
fluxing effect of lime and ferric oxide. 

In considering these results, it is impor- 
tant to realize that they were determined 
in an oxidizing environment and that Ko- 
saka was interested in the practical prob- 
lem of removing ash from a slag-tap fur- 
nace. In short, his approach to the prob- 
lem was empirical rather than theoretical, 
and, of course, the previous discussion of 
the effects of iron on ashes of varying lime- 
alumina-silica proportions does not apply 
in the absence of a reducing atmosphere 
comparable to that maintained in the A.S. 
T.M. standard method for determining sof- 
tening temperature. 

The system Ca 0 -Al 2 03 -Fe 203 has been 
studied by Hansen, Browmmiller, and 
Bogue; 51 the melting relationships are 
very complex, involving, as they do, solid 
solution and incongruent melting. The 
quaternary system which w r ould include 

si Hansen, W. C., Brownmiller, L. T., and 
Bogue, R. H., J. Am. Chem. & toe., 50»* 396-406 
(1928). 
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silica has not been studied even empirically 
so that it is impossible to present even a 
semitheoretical background for Kosaka’s 
observations. In summing up his observa- 
tions it should be remarked that, however 
useful they may have been for his own pur- 
poses, they are of little value in relating 
composition of ashes to their A.S.T.M. 
softening temperatures. 

Lefebvre and Boulant 52 studied about 
30 samples of coals from northern France. 
They made the interesting observation that 
ashes obtained by prolonged incineration in 
a muffle contained neither ferric oxide nor 
ferrosoferric oxide but calcium ferrite. 
They also stated that additions of ferric 
oxide, silica, or lime lowered the softening 
temperature and that additions of alumina 
and kaolin increased it. These observa- 
tions are to be anticipated in view of the 
discussion already presented. They re- 
ported that additions of magnesia produced 
effects dependent upon the composition of 
the ash. If much iron was present there 
was formed magnesium ferrite, which rend- 
ered the ash more refractory. The forma- 
tion of magnesium ferrite in a complex 
system such as a coal ash under the condi- 
tions of measurement used in determining 
ash-softening temperatures may be ques- 
tioned. In general, it appears that mag- 
nesia behaves substantially like lime in its 
effect on the softening temperature, which 
is not surprising in view of the similarity 
of the equilibrium diagrams of the s 3 T stems 
Ca0-Al 2 0 3 -Si0 2 and Mg0-Al 2 0 3 -Si0 2 in 
the composition ranges covered by the 
ashes of most coals. 

Actually the fluxing action of magnesia 
on the kaolin minerals should be very simi- 
lar to that of lime, but cones in the mag- 
nesia-kaolin system appear to be somewhat 

52 Lefebvre, H., and Boulant, P., Compt. rend, 
lime Gongr. cMm. ind Paris, Sept.-Oct, 1937, 
pp. 1170-8. 


more refractory than cones in the lime- 
kaolin system, owing probably to a higher 
viscosity of the liquid phase in the mag- 
nesia-kaolin system. The data of Rieke 49 
indicate that, up to about 12 percent lime 
in a lime-kaolin mixture, the cone-deforma- 
tion temperature is lowered about 45' F 
per percent of lime and that up to about 
IS percent magnesia in a magnesia-kaolin 
system the cone-deformation temperature 
is lowered about 27 s F per percent mag- 
nesia, which gives a ratio for the fluxing 
action of magnesia to the fluxing action of 
lime of 27/45, or 0.6. In general, a value 
for this ratio of 0.7 appears to be quite 
satisfactory over the range of silica to 
alumina ratios covered by coal ashes gener- 
ally met with in the United States because 
as the ratio of silica, to alumina changes # 
from that of kaolin toward higher values 
the fluxing action of a given percentage of 
magnesia increases more rapidly than that 
of a comparable percentage of lime, as 
an inspection oi the equilibrium diagrams 
shows. 

Mazzetti 53 investigated the ash oi a 
number of Italian lignites, reaching the con- 
clusion that the ratio of the sum of alu- 
mina plus silica to the sum of lime plus 
magnesia plus ferric oxide could not be 
used as an index of fusibility. This is in 
accord with the data already presented. 

Murray 54 stated that the softening tem- 
perature of the ash increased with decreas- 
ing sulfur content of the coal. This is only 
the crudest kind of approximation; if is 
based on the assumptions that sulfur can 
be used as an index of the iron content of 
the ash and that an ash of higher ferric 
oxide content will always have a lower sof- 
tening temperature than one of lower ferric 
oxide content. 

53 Mazzetti, C., Ann. chim. applicata , 20, 3-17 
(1930). 

54 Murray, J, A., Power, 59, 561 ( 1924) . 
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Schulze 55 stressed the effect of the min- 
eralogical as well as the chemical composi- 
tion of the ash: he stated that ferric oxide 
and lime increased the fusibility of the ash 
with the production of a vitreous pasty 
slag. These conclusions are in qualitative 
agreement with the fundamental theoreti- 
cal background of the subject. 

Staemmler, 50 utilizing the method of 
Bunte and Baum, investigated the effect 
of mixing lime, iron oxides, and silica in the 
form of various salts. His principal obser- 
vation was that the addition of calcium as 
the sulfate had the effect of giving softening 
temperatures which differed from those 
obtained when calcium was added as the 
carbonate. Mixtures of lime and ferric 
oxide in proportions ranging from 0.5 to 
2.0 moles of lime to 1 mole of ferric oxide 
softened from 30 to 40 5 C higher when lime 
was added as the sulfate than when it was 
iddecl as the carbonate. On the other 
rid silica in proportions ranging from 0.5 
) 1.0 mole of lime to 1.0 mole of silica 
softened from 60 to 70 5 C higher when lime 
was added as the sulfate than when it was 
dded as the carbonate. Mixtures of lime 
and, when the composition range was 1.5 
3 2.0 moles of lime to 1.0 mole of silica, 
ie use of sulfates resulted in softening 
temperatures from SO to 90 s C lower than 
those obtained from corresponding mix- 
tures when lime was added as the carbo- 
nate. 

Staemmler reported that ignition at 
1,200 s C of lignite ash showing an original 
sulfate content of 34 percent resulted in 
the loss of only 9 to 12 percent sulfur triox- 
ide in 90 minutes. This observation to- 
gether with his other data indicate that 
coals containing large amounts of sulfates 
among their ash-forming mineral compo- 
nents might be expected to give ashes 

55 Schulze, R., Warme , 54, Sl-5 

ca Staemmler, C., Chem.-Ztg., 55, 59-60 (1931). 


which would deviate from the behavior 
predicted on the assumption that the ash 
behaves in fusing like a kaolin contami- 
nated with basic oxides. Such ashes are 
very rare in the United States, and it is un- 
likely that any would be met with that con- 
tained sufficient sulfate sulfur to invalidate 
seriously the theoretical considerations pre- 
viously discussed. Staemmler stated that, 
in the ternary system Ca0-Fe 2 0 3 -Si0 2 , the 
addition of lime as sulfate effected an in- 
crease in softening temperature over that 
obtained when lime w r as added as carbonate 
only in instances in which the lime content 
of the fritted mass exceeded 25 percent. 
An ash having a lime content exceeding 25 
percent of its lime plus silica plus ferric 
oxide content would be an extreme rarity 
in coals of the United States. 

Winter and Monnig 57 investigated the 
fusion points of ash from different struc- 
tural parts of the Sonnenschein Seam by 
the methods of Bunte and Baum and of 
Dolch and Fochmuller. They found that, 
in all samples, as the composition of the 
ash approached that of pure kaolin, the 
softening temperature increased. This is 
in strict agreement with the fundamental 
theoretical background of the subject. 

Palmenberg 5S has shown that a very 
close correlation exists between the soften- 
ing temperature of ash from Pennsylvania 
anthracite and the ratio of ferric oxide to 
the sum of alumina plus silica. Examina- 
tion of Palmenberg^ data shows that the 
ashes with which he worked contained very 
small and quite constant amounts of alka- 
line-earth oxides and that the alumina to 
silica ratio of the ashes was remarkably 
constant. These conditions constitute a 
special case within the theoretical consid- 
erations previously outlined, and the cor- 

57 Winter, H. } and Monnig, H., Gluckauf, C7, 
156-60 (1931). 

58 Palmenberg, O. W., Ind. Eng. Chem. } 31, 
1058-9 (1939). 
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relation obtained is to be anticipated from 
them. 

Quantitative Correlations Between Fusi- 
bility and Chemical Composition . Prob- 
ably the earliest attempt at correlating the 
composition of coal ashes with their fusi- 
bility w r as that of Prost , 59 who determined 
what he called the fusing temperature of 
23 Belgian coal ashes and compared the 
temperatures for several ashes with the re- 
fractory quotient: 

0 in AI 2 O 3 

0 — 0 in CaO 4 0 in Fe 2 p 3 4 0 in MgO 
0 in Si0 2 
0 in AI 2 O 3 

He found that, in general, the fusing tem- 
perature increased with increasing values of 
Q but that there were several exceptions, 
notably ashes of high iron content. 

De Graaf 60 gave curves purporting to 
show the effect of silica, ferric oxide, and 
sulfur on the fusion temperature as deter- 
mined by the micropyrometer method, but 
his data were too meagre to justify his 
generalizations, which w r ould not apply to 
a wide range of coal samples. 

Nicholls and Selvig 10 plotted the ferric 
oxide content of 43 ashes against their sof- 
tening temperatures and showed that errors 
of several hundred degrees would often be 
made in predicting the softening tempera- 
tures from the curve showing the average 
variation in softening temperature with fer- 
ric oxide content for the group. It is inter- 
esting, however, to note that the ashes dis- 
tributed themselves symmetrically around 
a line showing an average lowering in sof- 
tening temperature of 41° F per percent 
ferric oxide. 

Nicholls and Selvig also plotted the ratio : 

59 Prost, E., Colliery Guardian, 74, 602 (1897). 

60 De Graaf, G. A., Coal Age , 19, 534^-9 (1921). 


AI 2 O 3 4 Si0 2 

Fe 2 0 3 4 CaO 4 MgO 4 X K 2 0 

against the softening temperature for the 
same 43 ashes. Although some of the 
points miss the average curve by as much 
as 300° F, there is a distinctly better cor- 
relation between R and the softening tem- 
perature than between the percentage of 
ferric oxide and the softening temperature. 

Estep, Seitz, Bunker, and StricMer 61 as- 
sumed that coal ash can be regarded as a 
four-component system SiGo-AloOs-FeoOg- 
CaO, and they expressed the composition 
of the ash by means of sections through a 
triangular prism at various percentages of 
lime which yield ternary diagrams express- 
ing the composition of the ash in terms of 
the relative amounts of silica, alumina, and 
ferric oxide on the basis 

Si0 2 4- AloGo 4 Fe 2 0 3 = 100 percent 

To estimate the softening temperatures it 
would, in theory, be necessary to have 
available sections through the triangular 
prism at levels corresponding to 1 percent 
or possibly 0.5 percent increments in lime 
content on which would be drawn soften- 
ing-temperature isotherms, that is, lines 
passing through all points representing 
compositions having the same softening 
temperature. However, the authors stated 
that increments of lime up to 2.5 percent 
did not produce very large reductions in 
the softening temperature, and that, there- 
fore, a single diagram representing the 
average of all sections from CaO = 0.0 per- 
cent to CaO = 2,5 percent might be used. 
This diagram they referred to as the ‘‘Base 
ternary.” For lime contents in excess of 
2.5 percent the authors gave five additional 
ternary diagrams as follows: 

6i Estep, T. G., Seitz, H., Bunker, H. L., Jr., 
and Strickler, H. S., Mining and Met . Investiga- 
tions, Carnegie Inst . Tech, and Mining and Met 
Advisory Boards , Cody. Bull. 62 (1934), 47 pp- 
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Calcium Level Percent CaO 


I 

2.6 to 3.5 

II 

3.6 to 4.5 

III 

4.6 to 5.5 

IV 

5.6 to 6.5 

VI 

7.6 to 8.5 


Calcium level Y is omitted because the 
authors did not have sufficient data on 
ashes with a lime content in the range of 
6.6 to 7.5 percent to permit construction 
of a ternary plot tor this level. They com- 
pensated for this by presenting diagrams 
shoving vertical planes through the prism 
which give plots of lime versus ferric oxide 
at constant silica-alumina ratios. On these 
planes were drawn softening-temperature 
isotherms, and by means of them softening 
temperatures could be estimated from the 
composition expressed in the manner de- 
scribed above. 

The authors also described an alternative 
correlation which permitted the use of rec- 
tangular coordinates. This procedure, how- 
ever, requires the unjustified assumption 
that the fluxing actions of lime and ferric 
oxide are identical. The fluxing action of 
lime on kaolin-silica mixtures averages 
from 35 to 50 c F per percent depending on 
the silica to alumina ratio of the mixture, 
and there are ranges of composition where 
the fluxing action of lime is as high as 
SO' F per percent, as is shown in Figs. S 
and 5. The maximum fluxing effect of 
ferric oxide on a kaolin-silica mixture is 
about 30 s F per percent, and its fluxing 
action decreases with additions of lime to 
the mixture except in certain limited re- 
gions in which it rises to as much as 40° F 
per percent. These regions are the compo- 
sition ranges in the proportions of lime, 
alumina, and silica such that, in the ab- 
sence of ferric oxide, the softening tem- 
peratures would be between 2,600 and 
2,S00° F. In these regions an increase in 
ferric oxide content from 5 to 15 percent 


will effect reductions in softening tempera- 
ture of 300 to 400° F. 

There appears to be no advantage in 
the use of the rectangular plot. Since the 
basic assumption is that the ash can be 
treated as if its components were silica, 
alumina, and the sum of lime plus ferric 
oxide, the compositions might more readily 
have been expressed by means of the con- 
ventional triaxial coordinate system, but 
the authors felt that a two-dimensional plot 
was more concise and less unwieldy than 
any three-dimensional plot. They applied 
their “prism” correlation to 196 ash sam- 
ples, 14 of which were ashes of coals as 
received. The remainder were obtained by 
mixing pairs of these coals in varying pro- 
portions. A statistical treatment of the 
deviations of their calculated softening 
temperatures from the corresponding meas- 
ured values, when their more precise 
prism plots were used for estimation, 
yielded the data of Table IY. 


TABLE IV 

Distribution of Deviations 


Magnitude of Deviation 

Percent 

Greater than 300° F 

0.0 

205 to 

300 

0.0 

105 to 

200 

9.7 

55 to 

100 

11.2 

0 to 

50 

24.6 

0 to 

—50 

21.4 

—55 to 

-100 

21.4 

-105 to 

-200 

10.7 

-205 to 

-300 

0.5 

Greater than —300° F 

0.5 


Percentage of deviations within ±100° F = 78.6. 
Algebraic mean of the deviations = — 12.7° F 
Average deviation of a single estimate = 66° F. 
Probable error of a single estimate = 56° F. 

Since the allowable variation for a single 
observer using the A.S.T.M. standard 
method for determining softening tempera- 
tures is 50° F, the correlation appears to 
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be rather good. However, the negative 
value of the algebraic mean indicates that 
the correlation tends to yield calculated re- 
sults which are, on the whole, lower than 
the corresponding observations. This may 
be regarded as preferable to a correlation 
tending to give high results. 

However, the foregoing observations rep- 
resent only a statistical test of the consist- 
ency of the correlation with data obtained 
in the laboratory which is responsible for 
making the correlation. To make an ade- 
quate test of the correlation it is necessary 
to apply it to data from some other source. 
In order to do this the writer has calcu- 
lated the softening temperatures of 178 
coal ashes using the prism plots. Of these 
178 samples, 61 were taken from the data 
of Nicholls and Selvig, 10 The remaining 117 
samples represented analyses and softening 
temperatures from various coal-testing 
laboratories. The distribution of deviations 
calculated from observed results is shown 
in Table Y. 

TABLE V 


Distribution of Deviations 



Data of 

All 


U. S. Bur. 

Other 

Magnitude of Deviation 

Mines 

Data 


percent 

percent 

Greater than 300° F 

0.0 

1.2 

205 to 300 

0.0 

2.3 

105 to 200 

5.5 

16.1 

55 to 100 

5.5 

10.3 

0 to 50 

29.0 

17.2 

Oto -50 

40.0 

12.6 

-55 to -100 

10.9 

19.5 

-105 to -200 

9.1 

16.1 

-205 to -300 

0.0 

1.2 

Greater than —300° F 

0.0 

3.5 

Percentage within 

±100° F 

85.4 

59.6 

Algebraic mean 

— 10.7° F 

-68.3° F 

Average deviation 

52° F 

162° F 

Probable error 

44° F 

137° F 


The distribution in the Bureau of Mines 
data shows a closer correlation between 
observed and calculated results than the 
authors obtained with their own data. On 
the other hand, the correlation obtained 
with the data from miscellaneous sources 
is much poorer. The obvious inference is 
that the correlation of Estep et al. is, on 
the average, a more reliable index of ash- 
softening temperature than an actual meas- 
urement if made by an average laboratory 
chosen at random. 

So much has been said in the past about 
the impossibility of calculating ash-soften- 
ing temperatures from ash analyses that it 
is unlikely that this conclusion will be ac- 
cepted without supporting evidence. In 
defense of the point of view and in sup- 
port of the adequacy of the correlation to 
permit the calculation of ash-softening 
temperatures, within limits, data are sub- 
mitted, in Table VI, showing the distribu- 
tion of deviations obtained when a method 
of correlation based on the fundamental 


TABLE VI 

Distribution of Deviations 


Magnitude of Deviation 

Data of 

U. S. Bur. 
Mines 

Ail 

Other 

Data 

Greater than 300 c F 

percent 

0.0 

percent 

4.S 

205 to 300 

0.0 

1.9 

105 to 200 

0.0 

7.6 

55 to 100 

14.7 

15.3 

0 to 50 

39.3 

20.0 

0 to —50 

37. S 

26.7 

—55 to —100 

S.2 

11.4 

-105 to -200 

0.0 

2.9 

-205 to -300 

0.0 

3.S 

Greater than —300 

0.0 

5.7 

Percentage within 

±100° F 

100.0 

73.4 

Algebraic mean 

3.3 3 F 

3.6° 

Average deviation 

37° F 

100° F 

Probable error 

31 3 F 

85° F 
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theoretical considerations presented and 
discussed in the first section of this part of 
the survey and supplemented by measure- 
ments on a large number of synthetic mix- 
tures and coal ashes is applied to the same 
data. 

The distribution of deviations obtained 
by applying this correlation to these data 
is quite similar to that which resulted from 
the application of the method of Estep et 
al. to the same data. If it is kept in mind 
that the two methods of correlation were 
independently arrived at from two differ- 
ent viewpoints and that both methods show’ 
a rather close correlation with the meas- 
ured values presented by Niehoils and Sei- 
vig 10 it is apparent that the measured sof- 
tening temperature is rather closely deter- 
mined by the chemical composition of the 
ash and it may be concluded that, with 
thoroughly reliable data, calculations made 
by the method of Estep et al. will agree 
with observations to within the tolerance 
for different laboratories for about four out 
of every five samples. 

On the whole the agreement is remark- 
ably good in view of the fact that the 
authors made the rather drastic simplify- 
ing assumption that coal ash can be re- 
garded as a four-component system. It is 
true that graphical representation of a sys- 
tem of more than four components is very 
cumbersome, but a somew’hat closer cor- 
relation may be obtained by taking account 
of additional components, without sacri- 
ficing the relative simplicity of four com- 
ponents, by assuming certain equivalences. 
Such assumptions are not altogether sound 
theoretically, but the errors introduced by 
them appear to be smaller, in practice, than 
those which result simply from neglecting 
the additional components. 

The major components not accounted for 
in the method are titania, phosphorus pent- 


e, magnesia, and the oxides of potas- 
sium and sodium. In the average ash anal- 
ysis, titania and phosphorus pentoxide are 
not separately determined and are reported 
as alumina. This is unfortunate since, in 
most ashes (specifically those w r hose com- 
positions on the basis lime plus alumina 
plus silica equals 100 percent lie in the field 
of mullite or of corundum), increments in 
alumina raise the softening temperature. 
Examination of the equilibrium diagram of 
the system Ti0 2 -Al 2 0 3 shows that the be- 
havior of titania is very similar to that of 
silica. In the system Si0 2 -Al 2 0 3 there is 
a eutectic at 95 percent silica with a melt- 
ing temperature of 1,545° C (2,749° F). In 
the system Ti0 2 -Al 2 0 3 the eutectic is at 80 
percent titania and its melting temperature 
is 1,715° C (3,055° F). Since the percent- 
age of titania in most ashes is usually 
around 2 to 3 percent and seldom exceeds 
5 percent it appears to be desirable to as- 
sume an equivalence of silica and titania 
for the purpose of estimating ash-softening 
temperatures. 

Phosphorus pentoxide w r ould not remain 
uncombined in a coal-ash system at the 
temperatures involved, but it probably 
exists as calcium pyrophosphate (Ca 2 P 2 0 7 ). 
Since it is an acidic oxide it should produce 
a fluxing action on the basic oxides present, 
but since it is chemically combined to form 
a rather stable compound of high melting 
point (1,230° C, 2,182° F) its effect should 
be rather small. Apparently no serious 
discrepancy is involved in assuming it to 
be equivalent to additional silica. 

To neglect titania and phosphorus pent- 
oxide will not greatly affect predictions 
based on the chemical composition of the 
ash, but neglect of the basic oxides, particu- 
larly the oxides of potassium and sodium, 
is more significant. Estep and his co- 
workers recognized this, and in a later pub- 



CORRELATIONS BETWEEN FUSIBILITY AND CHEMICAL COMPOSITION 519 


iication 62 the effects of sodium oxide, lime, 
and magnesia were studied and compared. 

In making this study the authors dem- 
onstrated that natural coal ashes and 
ashes synthesized from kaolin, silicic acid, 
calcium carbonate (or sulfate), and mag- 
nesia gave softening temperatures in sub- 
stantial agreement. They concluded: (1) 
that the softening temperatures of natural 
ashes can be duplicated with synthetic 
ashes of similar composition; (2) that a 
satisfactory correlation can be arrived at 
by considering the ash as a four-component 
system Al20 3 -Si02-Fe 2 0 3 -Ca0; (3) that 
the presence of alkali should be corrected 
for by reducing the calculated softening 
temperature by 50° F for each percent of 
sodium oxide; (4) that the lime-softening 
temperature relationship is practically lin- 
ear up to 5 percent lime with a slope 
50° F per percent; (5) that beyond 5 per- 
cent lime further study with synthetic mix- 
tures is needed to establish the relationship 
and that the effect of magnesia is identical 
with that of lime up to 10 percent mag- 
nesia, therefore the sum of the two can be 
regarded as a single variable. 

The first conclusion is in accord with the 
theoretical discussion which prefaced this 
part of the survey, but it would be safer 
to limit the generalization to ashes in which 
alumina is present primarily as a constitu- 
ent of kaolin. 

The second conclusion is demonstrated to 
be valid, within limits, by the data sub- 
mitted by the authors provided that cor- 
rections for magnesia and alkali oxide are 
made. 

Conclusions 3, 4, and 5 merit a more 
detailed consideration. Conclusion 4 indi- 
cates that the authors believed that addi- 

62 Estep, T. G„ Seitz, H., and Osborn, W. J-, 
Mining and Met. Investigations , Carnegie Inst. 
Tech., Mining and Met. Advisory Boards, Co6p. 
Bull. 74 (1937), 18 pp. 


tional data are needed to establish the ef- 
fect of lime in excess of 5 percent. It will 
be observed from the data given in Figs. 
3, 4, and 5 that, if they had based their 
correlation on a prism for which the base 
ternary was the lime-alumina-silica system 
for which a phase-equilibrium diagram was 
available instead of on one in which the 
base ternary was the ferric oxide-alumina- 
silica system for which equilibrium data 
are not available, the necessity for deter- 
mining more points might have been obvi- 
ated. 

The existence of minima in curves show- 
ing the effect of increments of lime on the 
softening temperatures of coal ashes is to 
be anticipated, as Fig. 3 shows. Examina- 
tion of this figure indicates that additions 
of lime to any mixture the composition of 
which lies in the field of mullite will lower 
the softening temperature of the mixture 
until the composition of the mixture plus 
lime reaches the mullite-anorthite phase 
boundary. At this point there will be a 
minimum in the curve, and further addi- 
tions of lime will raise the softening tem- 
perature provided that the silica to alu- 
mina ratio is not too large. It may be seen 
from Fig. 3 that, as the ratio of silica to 
alumina approaches the value 3.5 (which 
is the silica to alumina ratio at the ter- 
nary eutectic between mullite, anortliite, 
and cristobalite [melting temperature 
2,453° F] ) , increases in lime content be- 
yond the amount necessary to reach the 
mullite-anorthite phase boundary will pro- 
duce smaller and smaller increases in sof- 
tening temperature. In fact, after the 
silica to alumina ratio passes the value 2.1, 
crossing the phase boundary by the addi- 
tion of lime results in only a very small 
rise which continues up to about 20 percent 
lime (the approximate lime content of an- 
orthite) , after which further additions of 
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lime again produce a lowering in softening 
temperature. 

The correctness of these generalizations 
based on the equilibrium diagram for the 
CaQ-AL0; r Si0 2 system is confirmed by the 
data of Zvanut and Wilson, GS who deter- 
mined pyrometric cone equivalents for the 
system lime-alumina-silica. The data of 
Zvanut and Wilson cannot be applied di- 
rectly to coal-ash systems because of dif- 
ferences in test method and degree of de- 
formation taken as the end point, but, if 
due allowance is made for these differences, 
their data are in complete agreement with 
the generalizations above. 

Equilibrium diagrams for the systems 
NaoO-AloOg-SiOo and KoO-AUCVSiO* in 
the regions including the composition 
ranges of coal ashes are not available. The 
data of Kraeek 64 on the effect of alkali 
and alkaline-earth oxides on cristobalite 
indicate very similar slopes for the liquidus 
curves of the Na 2 0-Si0 2 , K 2 0-Si0 23 CaO- 
S:Oo, and MgO-Si0 2 systems. Both the 
CaO-SiCL and the MgO-$i0 2 systems show 
a wide range of compositions over which 
there is no change in the liquidus tempera- 
ture due to the formation of immiscible 
liquids, which would suggest that lime and 
magnesia would be less active duxes than 
the alkali oxides, but the ternary diagrams 
for the systems Ca0-Al 2 0 3 -S10 2 and MgO- 
Al 2 0 3 -Si0 2 show that the introduction of 
alumina results in a very small immiscible 
liquid region in the ternary systems. Con- 
sequently it would appear justifiable, until 
more data are available, to assume sub- 
stantially equivalent fluxing action by all 
the alkaline-earth and alkali oxides. It 
will be observed that the assumption of 
equivalence in fluxing action between mag- 

63 Zvanut, F., and Wilson, H., J. Am. Ceram. 
Soc., 17, 255—6 (1934). 

64 Kraeek, F. C., Ann. Rept. Dir. Geophys. Lab. 
Yearbook 3% 61 (1932-3). 


nesia and lime is inconsistent with the data 
of Pueke 49 on kaolin, to which reference 
was made earlier, but the data of Estep, 
Seitz, and Osborn appear to be quite incon- 
trovertible and were, moreover, determined 
under the conditions of the A.S.T.M. stand- 
ard method, which Rieke’s were not. 

It is unfortunate that these authors did 
not investigate the effect of substituting 
alkali oxide for lime in the same way as 
was done for magnesia, as it is certainly 
simpler to include the sum of the alkaline- 
earth and alkali oxides as one component, 
although no objection can be raised to their 
procedure of subtracting 50° F per percent 
alkali oxide from the calculated tempera- 
ture, which is not quite equivalent to the 
procedure of adding the alkali oxide to the 
alkaline-earth oxide before making the cal- 
culation. In fact, in the absence of ex- 
perimental evidence as to equivalence of 
fluxing action, it is, perhaps, a more justi- 
fiable procedure to treat alkali oxide as a 
separate component although its inclusion 
with the alkaline earth has been found to 
give satisfactory results. 

It must be recognized that there are 
limits to the accuracy of any practically 
workable procedure of this kind. For ex- 
ample, the observation that magnesia can 
often be treated as equivalent to lime in 
many instances does not prove that it can 
always be so treated. With thoroughly re- 
liable data, a method of correlation such 
as that of Estep and his coworkers should 
give calculated softening temperatures that 
agree with measured softening tempera- 
tures, within the allowable tolerance for 
different laboratories (90° F), about nine 
times out of ten. 

Moody and Langan 65 have described a 
correlation similar to that of Estep and 
his coworkers in that they chose to plot 

65 XIoody, A. H., and Langan, D. D., Jr., Com- 
bustion, 6, No. 8, 13-20 (1935). 
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isotherms in planes parallel to the ferric 
oxide-alumina-silica base. However, they 
preferred the conventional regular tetra- 
hedron for expressing the compositions dia- 
graming tically. As the fourth component 
they plotted lime plus magnesia. Their 
original publication gave isotherms only 
for the level CaO H- MgO = 5 percent. 
These were obtained from softening-tem- 
perature measurements on synthetic mix- 
tures of kaolin, silica, ferric oxide, and 
dolomite. In addition to giving softening 
temperature-composition data, Moody and 
Langan presented a diagram giving initial 
deformation temperatures as a function of 
composition. 

The composition range covered by the 
diagrams of Moody and Langan was 
greater, with reference to the proportions 
of ferric oxide, alumina, and silica, than 
that covered by the diagrams of Estep 
and his co workers, but, since Moody’s and 
Langan’s data applied only to one lime 
plus magnesia level, they appear to be of 
limited usefulness. With reference to this 
the authors stated: 

The data for softening temperatures used 
in the construction of Fig. 8 [their softening 
temperature-composition diagram] agree in 
general with a limited chart recently made 
by Estep et al. from coal-ash analyses show- 
ing about 5 percent calcium oxide. The lat- 
ter chart does not cover as wide an area of 
composition as Fig. 8 and hence does not 
show the influence of surrounding areas. 
Other charts from their data indicate that the 
content of lime from 2.5 percent to 8.5 per- 
cent changes the fusion temperature less 
than 100° F in most cases. 

Reference to Fig. 5 indicates that Moody 
and Langan have underestimated the ef- 
fect of lime. This quotation is the only 
reference to the reliability of their dia- 
grams, as they gave no supporting data. 
Their paper includes an excellent theoreti- 
cal discussion of coal-ash fusibility and 


some interesting data on the effect of fur- 
nace atmosphere on the initial deformation 
temperatures and softening temperatures 
of ashes of varying compositions. 

Schaefer and Demotes: GS based their 
correlation on the idea that over the com- 
position ranges of most coal ashes the liq- 
uidus curves for the systems involved may 
be approximated by straight lines. Hav- 
ing thus obtained liquidus curves of con- 
stant slope it is possible to compare these 
slopes and And factors relating the fluxing 
effect of the several basic oxides. Very 
briefly summarized, Schaefer’s procedure is 
as follows : If the ash consists only of 
alumina and silica, then the softening tem- 
perature (S.T.) would be described by an 
equation of the form 

S.T. =/(Al 2 0 s /Si0 2 ) 

Moreover, for the composition range of coal 
ashes the liquidus curve can be approxi- 
mated very closely by a straight line. There- 
fore the equation becomes 

S.T. = HAhGs ’Si0 2 ) 

where h is the slope of the line. However, 
the softening temperature will be reduced 
by a factor depending on the ratio of the 
fluxes to the sum of the alumina plus silica 
present. Therefore the equation becomes 


SiO> 4- AlsOs 

X/ FeO + CaO + MgO - K a O -r Xa s O j 

The problem then is to discover the form of 
the function 

( SiQ 2 + AI 2 Q 3 \ 

; \FeO +■ CaO + MgO + K 2 0 -r Na 2 0 / 

From the equilibrium diagrams for the 
lime-alumina-silica system Schaefer con- 
es Schaefer, R. L. } master’s thesis UI5 S2943), 
The Ohio State University. 1933. 
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structed liquidus curves showing the effect 
of lime and magnesia on alumina-silica mix- 
tures in which the ratio of silica to alumina 
is 1.5, a good average for coal ashes. He 
found that the curves so obtained could be 
approximated by straight lines of substan- 
tially equal slope. The approximation is 
rather poor for lime. Since the Xa 2 0- 
AloCb-SiOo and the K2O-AI0O3-SIO2 sys- 
tems were not available he constructed a 
liquidus curve from the NaoO-CaO-SiOo 
system for compositions containing 5 per- 
cent lime. The straight line approximating 
this curve had substantially the same slope 
{per percent sodium oxide) as the lines for 
the effect of lime and magnesia on the 
alumina-silica mixtures. Therefore Schaefer 
concluded that the sum of the oxides of 
calcium, magnesium, sodium and potas- 
sium could be treated as a single variable. 

Iron gave more trouble, but Schaefer 
decided that the fluxing action of lime 
averaged about six-tenths that of iron. 
Consequently his equation became 


s.t 

* \ Siu 2 


SiO s + AlsOs 

' FeO -j- 0.6= CaO -f MgO -t K 2 0 4- Na»0) 

Schaefer plotted the quantity 


SiCh - AI2O3 

FeO -f 0.6: CaO + MgO + K 2 0 + Xa 2 0) 

against the softening temperature for 98 
coal ashes, obtaining the curve shown in 
Fig. 7. An analysis of the data shows the 
following : 

1. Of the 98 points 7 lie on the curve, 56 
lie above the curve and 35 lie below the 
curve. 

2. The average error for points above the 
curve is —53° F ; that for points below the 
curve, 4-50° F. The average error regardless 
of sign is 48° F. 


3. An error equal to or greater than 100° F 
occurred only 11 times. 

On the whole the agreement between 
calculated and measured values is very 
good, better than it is for any other system 



AI 2 Q 3 

Si0 2 [FeO -I- 0.6 (Ca0+Mg0 + K 2 0+Na 2 0)] 
Fig. 7. Schaefer’s correlation.®® 

of correlation wdth which the writer is 
familiar — better even than the assumptions 
on which the correlation is based would 
appear to justify one in expecting. This 
may be due to the rather small number of 
samples, which, perhaps, accounts also for 
the preponderance of negative over posi- 
tive errors. 

The straight lines which Schaefer derived 
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from the equilibrium diagrams showed an 
average fluxing action for the alkaline- 
earth and alkali oxides of only about 20° F 
per percent. The data of Estep, Seitz, and 
Osborn 62 and the writer's experience indi- 
cate that, so far as an average can be ob- 
tained, it is nearer 30 than 20° F per per- 
cent for lime and magnesia. For sodi um 
oxide the data of Estep, Seitz, and Osborn 
show an average of about 50° F per per- 
cent. It appears that Schaefer's curve of 
correlation should be tested with a larger 
number of ashes to establish its reliability 
with greater certainty. 

Jones and Buller 67 suggested a simple 
approximate relationship between compo- 
sition and softening temperature. They 
gave a curve, based on analyses and sof- 
tening-temperature measurements for a 
number of anthracite ashes, which showed 
the reduction in softening temperature be- 
low the liquidus temperature of the A1 2 0 3 - 
Si0 2 system by the sum of the basic oxides, 
including iron. For example, consider an 
ash having the following composition: 
Si0 2 , 40.4; Al 2 03, 38.6; Fe 2 03, 4.7; Ti0 2 , 
1.5; P 2 0 5j 4.0; CaO, 5.6; MgO, 0.5; Na 2 0, 
0.4; K 2 0> 0.9; S0 3 , 2.6. The first step is 
to find the percentage of alumina in the 
mixture alumina plus silica. This is equal 
to (38.6 X 100)/79, or 48.9. Referring to 
the alumina-silica equilibrium diagram it 
is found that this composition has a liqui- 
dus temperature of 1,800° C or 3,272° F. 
The sum of ferric oxide plus lime plus 
magnesia plus the oxides of sodium and 
potassium equals 12.1. From the curve for 
the lowering of the liquidus by the sum of 
the fluxes it is found that 12.1 percent of 
fluxes corresponds to a lowering of 290° F. 
Therefore the calculated softening temper- 
ature is 3,272 minus 290, or 2,982° F. The 

67 Jones, D. J., and Buller, E. L., Ind. Eng. 
Chem., Anal. Ed., 8, 25-27 (1936). 


measured softening temperature for this 
ash was 2,930° F. 

The use of the alumina-silica liquidus as 
a reference line is, of course, theoretically 
sound, but the method makes two assump- 
tions not justified by the facts. The first 
of these is the equivalence of all the basic 
oxides, including ferric oxide. Although 
there is good evidence that rather satis- 
factory results are obtained by assuming 
the equivalence of the alkaline-earth and 
alkali oxides the inclusion of ferric oxide is 
not justifiable, as has been pointed out 
earlier in this survey. The second assump- 
tion is that one curve suffices to describe 
the fluxing action of the fluxes over the 
entire range of silica-alumina ratios oc- 
curing in coal ashes. Reference to Figs. 3 
and 5 shows that this is impossible. It 
should be remarked, however, that Jones 
and Buller were concerned, primarily, with 
the ash of Pennsylvania anthracite, which 
does not vary so widely in composition as 
the ashes of the various ranks of bitumi- 
nous coals. 

Thiessen, Ball, and Grotts 63 have stated 
that the fusion characteristics of coal ashes 
can be related to the equilibrium diagrams 
of the three ternary systems which make 
up the quaternary system Ca0-AI 2 0 3 -Si0 2 - 
Fe 2 0 3 . However, as they do not indicate 
how this is done, only passing reference to 
their work is made here. 

Summary. To sum up this section on 
the relationship between ash composition 
and ash-softening temperature it may be 
said that, for practical purposes, the ash 
may be treated as a four-component sys- 
tem of silica, alumina, basic oxides (CaO, 
MgO, KAO, Na 2 0), and ferric oxide (fer- 
rous oxide is the major component under 
the test conditions, but this fact does not 
prevent the use of ferric oxide as an index), 

es Thiessen, G., Ball, C. G., and Grotts, P. E., 
Ind . Eng. Chem., 28, 355-61 (1936). 



524 


ASH FUSIBILITY 


that the composition-softening temperature 
relationship is closely related to the phase 
equilibrium diagrams for the corresponding 
systems, and that the only published cor- 
relation supported by comparisons with 
actual data in sufficient quantity to justify 
its use is that of Estep and his coworkers. 

The very considerable expenditure of 
time and effort by those who have endeav- 
ored to develop such relationships is justi- 
fied by the usefulness of a reliable corre- 
lation in forming an estimate of the prob- 
able effect of mixing two coals on the 
softening temperature of the ash of the 
mixture. 

ASH FUSIBILITY AS AN INDEX OF CLINKER 
TROUBLE 

In view of the great mass of data that 
has been obtained on the fusibility of the 
ashes of individual coals and of the lively 
interest in methods of measuring ash fusi- 
bility it might be assumed that the fusi- 
bility of ash is a fairly reliable index of the 
dinker trouble to be anticipated. Actu- 
ally the subject is highly controversial, with 
opinions varying from the extreme which 
almost makes a fetish of fusibility measure- 
ments as a reliable guide to the other ex- 
treme which regards them as all but futile. 
The circumstances leading to such widely 
diverse attitudes may be classified under 
four heads: (1) variations in the phe- 
nomena referred to as “'clinker trouble”; 
(2) variations in the design and operation 
of the equipment in which the coal is 
burned; (3) variations in the coal as 
burned: (4) variations between operating 
conditions and test conditions. 

No single laboratory test can be ex- 
pected to serve as an index of such varied 
phenomena as the growth of large clinker 
in parts of a fuel bed, the adhesion of 
slag to refractory walls, the adhesion of 


slag to grate bars or tuyeres or the de- 
struction of these metal parts by solution 
in slag components, and reduced output or 
complete shutdowns. Nicholls and Selvig 10 
have discussed this aspect of the subject, 
pointing out that there are no scales of 
measurement whereby these troubles may 
be quantified and correlated with a labora- 
tory test. 

It must also be apparent that a particu- 
lar coal will behave quite differently ac- 
cording to the type of fuel bed in which 
it is burned. The underfeed stoker con- 
centrates the ash, mixes it, holds it in 
regions of extreme temperature for pro- 
longed periods, and, in general, exposes it 
to very high temperatures. The overfeed 
bed is less severe in its treatment of the 
ash, but, if the bed is hand-fired, the fire- 
man may cause serious trouble by undue 
agitation of the bed, particularly if the 
coal cokes heavily. In the powdered-fuel 
furnace the w 7 hole idea of what is meant 
by clinkering must be revised. Indeed it 
is doubtful that the term can be applied 
at all, although phenomena attendant upon 
the fusion and flow of coal-ash slags are 
of vital importance. 

Coal is a highly variable entity not only 
as regards the distribution and nature of 
its ash-forming mineral content but also in 
the composition and properties of the coal 
substance itself, particularly the coking 
properties, winch may influence the fusion 
and flow 7 of the ash. Gauger 69 in discuss- 
ing this subject pointed out that Morrow 
and Proctor 70 obtained results indicating 
that variations in sampling the coal may 
lead to ash-softening-temperature determi- 
nations differing by as much as 500° F and 

69 Gauger, A. W., Proc. Am. Soc. Testing Ma- 
terials , 37, Pt. II, 376-401 (1937). 

to ATorrow, J. B., and Proctor, C* P., Trans. 
Am. Inst. Mining and Met. Engrs., 119, 227-69 
(1936). 
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quoted Yiall 71 to the effect that at least 
20 samples of commercial shipments of a 
given size are necessary to obtain a good 
approximation to the true average value 
for a particular coal. It would appear, 
under the circumstances, that a reliable 
average value is not an altogether satis- 
factory criterion of the day-to-day per- 
formance of the coal in the fuel bed. To 
some extent the significance of the average 
value will depend on whether or not the 
coal has been well prepared to remove siz- 
able ash-forming mineral aggregates, but 
the best of preparation cannot eliminate 
the variable distribution of that portion of 
the ash-forming mineral matter which is 
so closely associated with the coal substance 
as to defy separation by preparation. 

It has always been recognized that the 
A.S.T.M. standard method involves a set 
of conditions quite different from those 
that obtain in a fuel bed. The ash is 
liberated from the coal substance at a 
much lower temperature, it 'is ground and 
intimately mixed before being heated to 
the temperature range in which fusion 
occurs, and, most important of all, no 
segregation or removal of components is 
permitted to occur. Moreover, it is heated 
at a definite rate in an environment calcu- 
lated to keep the iron in the ferrous state 
of oxidation, and there is no way in which 
the test can take account of the total ash 
content of the coal. 

In a fuel bed the ash is liberated under 
variable temperature conditions, and the 
proportions of the components, as liberated, 
will differ greatly from the average. The 
fineness of subdivision and the intimacy of 
mixture obtained in making the test are 
not duplicated in the fuel bed, and marked 
segregation of the components occurs. The 
rate of heating is variable, and the oxidiz- 

7i Private communication from S. H. Viall to 
A. W. Gauger. 


ing potential of the environment varies 
from point to point over wide limits. 
Moody and Langan 65 pointed out that 
they found clinkers from stoker-fired fur- 
naces in which the iron was in the form 
of ferric oxide and, on the other hand, 
that large pieces of metallic iron had been 
found in the slag taken from the bottom 
of slagging-type furnaces. In another 
paper 72 these authors submitted abundant 
evidence of the segregation of ash com- 
ponents which occurs in boiler furnaces. 

Ricketts 7S has stated that, when coals 
from eastern Pennsylvania and from West 
Virginia are burned on large underfeed 
stokers, only about 60 percent of the ash 
passes to the ashpit by way of the exten- 
sion grate, the remaining 40 percent being 
lifted from the fuel bed by the draft. 
Some of this ash, which is carried out of 
the fuel bed in a molten or semimolten 
condition, adheres to the side walls of the 
furnace, some adheres to the tubes, and 
some, about 25 percent of ail the ash in the 
coal, passes between the tubes and is either 
caught back of the bridge wail in the fines 
or passes out the stack. He pointed out 
that the ash may contain up to 60 percent 
of unburned carbon, a condition which does 
not exist when the softening temperature 
is measured. Ricketts summarized his 
knowledge of the relation between ash- 
fusion temperatures and clinker trouble as 
follows: 

1. With coal from the same bed the clinker 
trouble usually increases as the fusion tem- 
perature decreases. 

2. With coals from the same bed clinker 
trouble usually increases with an increase in 
ash content. 

3. With coals from different beds the rela- 
tion between ash-fusion temperatures and 
clinker trouble may vary through fairly wide 

72 Moody, A. H., and Langan, D. D., Jr., Com- 
bustion, 5, No. 4, 15-7 (1933). 

"3 See p. 68 et seq. of ref. 10. 
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limits. This characteristic is well illustrated 
by a comparison of the coals from the eastern 
Pennsylvania fields with those from the Poca- 
hontas and New River districts of West Vir- 
ginia. The writer has seldom seen a coal 
from Pennsylvania with a fusion temperature 
below 2,450° F which did not give serious 
clinker trouble. Few of the coals from West 
Virginia have an ash fusion point above 
2,450 s ; many of these coals with a fusion 
point between 2.200° and 2,300 s have given 
little or no trouble from clinkers. The rea- 
son for this difference in performance is one 
of the many points which are not understood 
in the clinker problem. 

The observations of Ricketts, when con- 
sidered in conjunction with the differences 
which, on the average, exist between the 
ash composition of coals from the eastern 
Pennsylvania fields and those from the 
Pocahontas and New River regions of West 
Virginia, constitute the key to a more com- 
plete understanding of certain aspects of 
the elinkericg problem. However, it will 
be preferable to defer consideration of this 
matter until the viscosity and surface ten- 
, sion of coal-ash slags have been discussed 
| later in this survey. 

In spite of the mass of evidence that 
' may be adduced to demonstrate the in- 
adequacy of ash-fusion measurements as a 
guide in predicting various types of clinker 
trouble, it would be unwise to reject the 
method of test or even to regard cone- 
fusion determinations as of negligible sig- 
nificance, as Gauger 63 has suggested. So 
long as coal is burned on grates it is prob- 
able that the perspicacious operating en- 
gineer will be able to derive benefit from 
cone fusion determinations by the applica- 
tion of a set of empirical rules, like those 
of Ricketts quoted above, devised to meet 
his particular operating conditions. That 
cone-fusion measurements can be related at 
least qualitatively to some of the phe- 
nomena involved is demonstrated by the 


work of Nicholls, Corban, and Alderman 74 
and by Nicholls and Selvig , 10 who demon- 
strated a rough agreement between clinker 
size and ash-softening temperature, and by 
its utilization by Fehling in a theoretical 
investigation of the slagging of refractories 
which will be discussed later in this survey. 

The behavior of molten slag on cooling 
may be of greater significance in the oper- 
ation of large equipment at high ratings 
than what happens when pulverized ash is 
heated, and a method of test calculated to 
throw light on slag behavior will be sug- 
gested later in a section of this survey 
dealing with the flow of slags at tempera- 
tures below the liquidus. Nevertheless, it 
appears probable that cone-fusion determi- 
nations will continue to be used as a guide 
because of the care with which the pro- 
cedure has been worked out and because 
of the relative simplicity of the method. 
However, modifications calculated to indi- 
cate the magnitude of the variations due 
to segregation of ash components during 
firing and in the fuel bed will perhaps be 
introduced. In this connection attention is 
directed to a paper by Gould and Brunjes 75 
which presents important data on varia- 
tions in fusibility of the ash from physi- 
cally separable portions of the coal. 

On the other hand, if the trend away 
from fuel beds to pulverized-fuel furnaces 
continues, there can be little doubt that 
methods of investigation will be developed 
calculated to provide information particu- 
larly adapted to the problems arising with 
this type of equipment. Some proposals 
have already been made, particularly by 
Bailey, and they will be discussed later 
in consideration of the problem of tube 
slagging. 

74 Nicholls, P. f Corban, C. L., and Alderman, 
C. L., Proc. Am. Gas Assoc., 1929, 1068-79. 

75 Gould, G. B., and Brunjes, H. L., Trans. Am. 
Inst. Mining Met . Engrs ., 139, 364-75 (1940). 
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It is apparent that no single property of 
an ash can be taken as an index of such 
varied phenomena as size of clinker, ad- 
hesion to grate bars on tuyeres, slagging of 
refractories, tube slagging, and loss of com- 
bustible matter in the ash. If the maxi- 
mum fuel-bed temperature to which the 
ash is exposed for considerable lengths of 
time is considerably below the softening 
temperature of the ash, it is unlikely that 
large, dense, vitreous clinker will form and 
the probability of serious adhesion to grate 
bars or tuyeres is small. If the maximum 
fuel-bed temperature to which the ash is 
exposed for considerable lengths of time is 
considerably in excess of the softening tem- 
perature of the ash, the phenomena occur- 
ring will depend primarily on the proper- 
ties of the fluid slag produced by fusion 
of the ash in relation to the design of the 
burning equipment and the operating tech- 
nique. 

The Viscosity and Surface Tension of 
Coal-Ash Slags 

Nearly all who have studied the fusi- 
bility of coal ash in connection with clink- 
ering and related problems have appre- 
ciated the important role played by vis- 
cosity in determining behavior of the 
molten slag, and this property of the fused 
ash is frequently mentioned in publications. 
The significance of surface tension of the 
slag, however, appears not to have been 
appreciated, judging by the scarcity of 
references to this property. This is rather 
surprising since the first step in grate-bar 
erosion and slagging of refractories is the 
wetting of the solid surface by the liquid, 
a phenomenon controlled primarily by sur- 
face forces. 

The practical difficulties involved in the 
measurement of coal-ash slag viscosity are 
due primarily to the considerable amounts 
of iron oxides contained in substantially all 


coal ashes. Their presence introduces a 
serious problem in the selection of a ma- 
terial for a container to hold the slag dur- 
ing measurements. Were iron not present, 
graphite containers could be used, as 
indeed they have been for blast-furnace 
slags. The presence of iron oxides makes 
it impossible to use graphite for the obvi- 
ous reason that the oxides would be re- 
duced rapidly to metallic iron with a re- 
sultant change in composition and proper- 
ties of the slag with time. The investi- 
gator, therefore, must choose between a 
container made from some refractory ma- 
terial or one made from platinum or a 
platinum alloy. If he chooses, say, a porce- 
lain body, the basic oxides will flux the 
container and the composition of the slag 
will slowly change as the result of the 
solution. If the slag has a very high basic 
oxide content, the fluxing action may be 
quite rapid at the higher temperatures and 
destruction of part of the apparatus and 
change of composition may ensue. If 
platinum is chosen the iron oxides in the 
slag will attack it, and the effect will be 
accentuated in a reducing environment. 
Consequently the use of platinum for such 
purposes becomes inordinately expensive. 

One very vexing aspect of the problem 
may be illustrated by reference to Fig. 2. 
Curve 1 is the iiquidus curve for the sys- 
tem: that is, it is the locus of all points 
such that an infinitesimal increment in 
temperature will cause the disappearance 
of the solid phase. If a mixture of 50 per- 
cent silica and 50 percent ferrous oxide is 
heated under reducing conditions to a tem- 
perature in excess of 2,970° F (the Iiquidus 
temperature for this composition), there 
will be obtained, upon reaching equilibrium, 
a homogeneous liquid phase which will have 
a viscosity characteristic of the composition 
and the temperature. However, if the 
temperature is lowered to 2,800°, cristo- 
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halite will crystallize from solution to an 
extent depending only on the composition 
and the temperature. For the conditions 
chosen the mixture will consist of about 91 
percent liquid and 9 percent solid. 

As a consequence of these circumstances 
two facts are at once apparent: (1) the 
mixture will continue to Sow ; and (2) the 
term viscosity no longer has a precise mean- 
ing. To be sure, if the liquid could be 
separated from the solid phase it would 
have a viscosity characteristic of its com- 
position and temperature. As a matter of 
fact, the viscosity of the pure liquid phase 
can be measured because its composition is 
known from the liquidus curve itself. The 
iiquidus curve tells us that at 2,800° F the 
composition of the liquid which is in equi- 
librium with the eristobalite that crystal- 
lized from a melt originally containing equal 
weights of silica and ferrous oxide is given 
by the point X; that is, the composition 
of the liquid is silica 45 percent, ferrous 
oxide 55 percent. Therefore we could, if 
we wished, make a melt of this composition 
and measure its viscosity over a tempera- 
ture range from, say, 3,000° to 2,810° and 
extrapolate to 2, $00% thereby avoiding the 
possibility of separation of a solid phase 
during measurement. 

However, such an artifice would not be 
instructive for the purpose in hand, which 
is to devise a means for characterizing the 
Sow of a 50-50 mixture of silica and ferrous 
oxide at 2,800° F. It is apparent, more- 
over, that this problem continues to exist 
at all temperatures down to 2,156° F, the 
eutectic isotherm of the system. At this 
temperature, or more properly speaking at 
a temperature infinitesimally above it, the 
percentage of liquid in the mixture is given 
by (50 X 100) /62, which equals $0.6 per- 
cent. This indicates that unless the liquid 
were very viscous indeed, which it is not, 
the mixture would continue to flow unless 


it were held at this temperature long 
enough for the crystals of tridymite to 
grow until they formed an interlocking net- 
work, under which conditions, if the crys- 
talline network were subjected to a mechan- 
ical constraint while the liquid was free to 
flow under gravity, the liquid phase would 
drain away from the solid phase. Of 
course, if the temperature is adjusted to 
a value infinitesimally below the eutectic 
isotherm, tridymite and fayalite will crys- 
tallize together from the melt in propor- 
tions dependent only on the composition of 
the batch and the liquid phase will dis- 
appear. 

The foregoing discussion is based on the 
assumption that the system reaches equi- 
librium under the conditions of measure- 
ment. Frequently, however, and particu- 
larly if the composition of the slag is such 
that the liquid phase is very viscous, the 
system will not reach equilibrium for many 
hours after a given set of conditions has 
been established. This is especially true if 
the temperature is changed rapidly over a 
considerable interval. Consequently, if the 
temperature is raised rapidly from some 
value below the liquidus to a value above 
it, a solid phase may persist for many 
hours, making correct measurements of 
viscosity impossible. .Conversely, if the 
system is at a temperature above the liqui- 
dus, a lowering in temperature to a value 
well below the liquidus may not result in 
the separation of any solid phase. When 
this happens it is possible to measure vis- 
cosities over a range of temperatures above 
and below the liquidus and obtain a smooth 
curve for the viscosity-temperature rela- 
tionship which shows no abnormal change 
in slope at the liquidus temperature. 

It may be remarked in passing . that 
measurements made on a slag that does 
not readily devitrify (that is, separate a 
solid, crystalline phase) at temperatures 
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below the liquidus are of great significance 
in connection with the practical problems 
of removing ash from slag-tap furnaces and 
of clinkering. It will be shown later in this 
survey that slags having compositions such 
that they do not readily devitrify are, in 
general, desirable from the point of view 
of the operator of a slag-tap furnace and, 
in general, undesirable from the point of 
view of the operator of a furnace which 
burns coal on grates in which clinker trou- 
bles are likely to occur. 

Another practical problem confronting 
the investigator of viscosity-temperature 
relationships of coal-ash slags is presented 
by the fact that iron may exist in three 
states of valence. Reid 76 has shown how 
the degree of oxidation may be controlled 
and has investigated the effect of the state 
of oxidation of the iron on the flow tem- 
peratures of slags. Further reference to 
his work will be made. 

A basic difficulty that enters into studies 
of viscosity-temperature relationships in 
multicomponent systems is that there is 
no broad, fundamental theory of the rela- 
tionship between viscosity and composition 
to guide the investigator. Earlier in this 
survey it was shown that the fusion-com- 
position relationships could, in spite of the 
large number of components involved, in 
general be understood and predicted by 
reference to the phase-equilibrium diagrams 
for known systems of fewer components. 
The significance of equilibrium diagrams 
for the investigator of viscosity-tempera- 
ture relationships of coal-ash slags has al- 
ready been considered at some length, and 
it has been remarked that, because the 
phase rule provides information regarding 
systems in a state of equilibrium only, its 
applicability, even in a general way, is 
seriously proscribed when the system re- 

76 Reid, W. T., Info Eng. GTtem Anal . Ed., 7, 
335-8 (1935). 


quires many hours to attain equilibrium. 

It is interesting to observe, however, that, 
at temperatures above the liquidus, the 
relationship between composition and vis- 
cosity appears to exhibit some correlation 
with the equilibrium diagrams. Herty 
and Hartgen and their coworkers 77 have 
investigated temperature- viscosity rela- 



Fig. 8. Composition-viscosity curves for the 
lime-silica system data of Her ty, Hartgen, et al. 7: 

tionships in the lime-silica system. In 
expressing their results they gave not only 
viscosity-composition isotherms, but also 
viscosity-composition curves for which tem- 
peratures are expressed, not in the custom- 
ary manner as degrees above an arbitrary 
reference point, but as degrees above the 
liquidus curve of the system. The nature 
of this novel and interesting plot is shown 
in Fig. 8. Inspection of the figure imme- 
diately shows a pronounced minimum in 
viscosity in the vicinity of the compound 

77 Herfy, C. H., Jr., Hartgen, F. A., Heidish, 
J. A., Metcalfe, K., Norris, F. G., and Royer, 
M. B., Mining and Met. Investigations, U. S. Bur. 
Mines, Carnegie Inst. Tech., Mining and Met. 
Advisory Boards, Coop. Bull. 47 (1930), 27 pp. 
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monocalcium silicate. Whether or not the 
curves would pass through maxima and 
then descend to new minima as the com- 
position range was extended toward ad- 
jacent compounds cannot be concluded 
from the data. However, such behavior is 
suggested by the diagram. It is to be re- 
gretted that more plots of this type have 
not been made, 

THE VISCOSITY OF COAL-ASH SLAGS IN THE 
ABSENCE OF A SOLID PHASE 

With the exception of the work of Endell 
and Wens 7S and a paper by Endell, Wens, 

. Rosin and Fehling, 75 the only investigation 
which has proceeded from practical and 
empirical beginnings to the development of 
a fundamentally sound procedure for the 
measurement of viscosity in absolute units 
is that made by Xieholls and his coworkers. 
This development is described in a series of 
four papers, one by Sherman, Nieholls, and 
Taylor,-' 0 and three by Xieholls and Reid, 81 
which constitute a set of progress reports 
for the American Society of Mechanical 
Engineers Special Research Committee on 
Removal of Ash as Molten Slag from Pow- 
dered-Coal Furnaces. 

Considerations of space render it quite 
impossible adequately to discuss these 
papers in this survey. They contain a 
wealth of detail and should be read in their 
entirety. It will be possible only to indi- 
cate the methods used and the nature of 
the results obtained. 

The first paper of the series described 
the results obtained in plant-scale tests 
made on three coals in two different boiler 

78 Endell, K. f and Wens, C.. Glastech. Ber 13, 
78-86 (1935). 

79 Endell, K., Wens, C., Rosin, P., and Feliling, 
R,, Angew. CTiem., 4S, 76-9 (1935) ; Z. Ter. deut. 
Chem., Beihefte 12 <1935), 20 pp. 

so Sherman, R. A., Nieholls, P., and Taylor, E., 
Trans. Am. Soc. Meeh. Eng., 51, 399-413 (1929). 

si Nieholls, P., and Reid, W. T., ibid., 54, 167- 
90 (1932), 56, 447—65 (1934), 62, 141-53 (1940). 


furnaces at the Toronto, Ohio, station of 
the Pennsylvarda-Ohio Power and Light 
Company. The boilers w-ere designated as 
boiler 4 and boiler 5. The boiler and fur- 
nace installations ivere described in detail 
in the paper. The composition and fusi- 
bility of the ashes of the three coals fired 
are indicated in Table VII. Proximate and 

TABLE VII 


Composition and Fusibility of Ash of Three 
Coals Fired in Tests at Toronto, Ohio 



Strip 

Pitts- 

Georges 


Mine 

burgh 

Creek 

Ash from 

Coal 

Coal 

Coal 

Composition, percent 

Si0 2 

46.3 

51.7 

56.2 

A1 2 0 3 

24.4 

26.9 

33.5 

Fe 2 0 3 

23.8 

10.6 

5.4 

CaO 

1.7 

3.9 

1.1 

MgO 

0.8 

0.8 

0.6 

Fusibility (°F) 

Initial deformation 
temperature 

2,050 

2,320 

2,600 

Softening tempera- 
ture 

2,180 

2,470 

2,700 

Fluid temperature 

2,400 

2,640 

2,790 


ultimate analyses and sources of the coals 
are also given In the paper. 

In making the tests care was taken to 
insure that only one coal was reaching the 
boiler. The temperature of the slag both 
at the tapping spout and in the slag bed 
was measured with a platinum, platinum- 
rhodium thermocouple. The furnace gases 
were sampled and analyzed for carbon di- 
oxide, oxygen, carbon monoxide, hydrogen, 
and methane. Slag was sampled both at 
the spout and in the slag bed; it was ana- 
lyzed, and fusibility determinations were 
made on it. The dust carried in the com- 
bustion gases was sampled and analyzed, 
and fusibility determinations were made 
on it. 
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The authors investigated the condition 
of the slag in the hearth and the ease with 
which it could be tapped. They deter- 
mined the combustible content of the slag 
samples. In one instance they took samples 
of slag at various depths from a bed of 
solidified slag, analyzed the samples, and 
determined their fusibility. As results they 
found that the iron content increased, the 
silica content decreased, and the softening 
temperature increased down to a depth of 
12 inches. These data are important be- 
cause they show that segregation of the ash 
components occurs in a large bed of molten 
slag. Consequently any tests made on a 
laboratory scale are inevitably limited in 
their applicability to the operation of slag- 
tap furnaces by the extent to which the 
segregation which occurs in full-scale oper- 
ations shifts the composition of the slag 
from point to point. In this connection 
the segregation which occurs in the forma- 
tion of fly ash is also significant. 

Analyses were made of the gases near the 
surface of the slag bed. The authors felt 
that the number of samples analyzed was 
insufficient to permit the establishment of 
a reliable average value, but considerable 
amounts of carbon monoxide and hydrogen 
(as much as 9.5 and 5.4 percent, respec- 
tively, in one instance) were found in some 
of the samples, indicating that, at times, 
the atmosphere just above the bed might 
be strongly reducing. 

The possibility of adding fluxes to the 
ash to increase the ease of tapping was 
considered, and the effect of adding ferric 
oxide to the ash of the Pittsburgh coal on 
the softening and fluid temperatures was 
investigated. This showed that the addi- 
tion of 10 percent ferric oxide lowered the 
fluid temperature to a point where it ap- 
peared that the slag might be tapped with- 
out difficulty. 


In summarizing their observations the 
authors pointed out that: 

1. A selective separation of the ash com- 
ponents, which increased the proportion of 
ferric oxide in the slag compared to that in 
coal ash, occurred with all the coals. 

2. The slags showed lower softening tem- 
peratures than the corresponding ashes. 

3. The percentage of the ash passing to 
the stack increased with increasing fluid tem- 
perature of the original ash. 

4. For similar coals, slagging-bottom oper- 
ation decreased the percentage of ash passing 
to the stack by about a third in comparison 
with dry-bottom operation. 

5. The percentage of unbumed combustible 
in the slag was small, but not negligible, in 
all cases. 

6. Slagging-bottom operation increased the 
gas temperature below the boiler tubes by 300 
to 400° F from what it was during drip-bot- 
tom operation. 

7. Slag from the ash of the Pittsburgh coal 
could not be successfully tapped from the 
furnace of boiler 4 although the slag tem- 
perature attained was as high as that with 
the strip-mine coal, but this was attributed 
to an unfavorable location of the tap hole. 

S. The slag from Pittsburgh coal was suc- 
cessfully tapped from boiler 5, owing not only 
to a more favorable location of the tap hole 
but also to a higher slag temperature as well 
as to a lower fluid temperature for the slag 
formed in this furnace. 

9. The chemical composition of the slags 
formed from Pittsburgh coal in furnaces 4 
and 5 was substantially the same and does 
not explain the differences in fluid tempera- 
ture. 

10. The slag from Georges Creek coal could 
not be tapped from furnace 4. 

11. Experiments on the effect of adding 
fluxes to the Pittsburgh coal ash indicate that 
ferric oxide equivalent to 10 percent of the 
slag produced should flux the slag sufficiently 
to permit tapping. 

The authors stated that caution should 
be exercised in generalizing from these ob- 
servations because the furnaces were not 
originally designed for operation with a 
slagging bottom. 

The studies described in this paper pro- 
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vicled a basis for the development of a 
laboratory-scale investigation of the prob- 
lem. The second paper of the series de- 
scribed some results obtained in small-scale 
and in large-scale laboratory tests in which 
a gas furnace having a slag hearth 2t4 
feet by 3 feet in area was used. 

The small-scale tests were made in a 
platinum resistance furnace, the slags being 
contained in a platinum-rhodium crucible. 
A slag which had been tapped successfully 
at a known temperature in the experiments 
at the Toronto station was used as a stand- 
ard of fluidity. Some of this slag was 
heated in the crucible to the temperature 
at which it had been successfully tapped, 
and its “Teel 75 when stirred with a heavy 
platinum stirring rod was studied. The 
temperature at which a given slag exhibited 
the “standard feeb’ was designated as the 
“'flow temperature 77 of the slag, and the 
experimental work consisted in determining 
the now temperatures of a large number of 
coal-ash slags, both without and with addi- 
tions of known amounts of various fluxes. 

Nicholls and Reid recognized that it 
would be advantageous if the flow tempera- 
ture could be predicted from one of the 
standard ash-fusion temperatures. The 
“fluid temperature 77 would appear to cor- 
respond most closely to the how tempera- 
ture, but neither it nor the “initial defor- 
mation temperature 77 correlated with the 
Sow temperature as well as did the “sof- 
tening temperature. 77 From plots of flow 
temperature versus softening temperature 
they developed the empirical relationship 

Flow temperature (°F) = (Softening 

temperature + 60) -f (15 X Percent Fe 2 0 3 ) 

but this equation did not hold closely 
enough to permit substitution of softening- 
temperature measurements for measure- 
ments of flow temperature. 


It is quite impossible to summarize 
briefly and satisfactorily the results ob- 
tained with the various fluxes, which in- 
cluded borax, feldspar, fluorspar, saltcake, 
limestone, and iron oxide. In general it 
may be said that any of these materials, 
with the exception of feldspar, when added 
alone, lowered the flow temperature. Feld- 
spar was tried with only two slags, and in 
both it raised the flow temperature. This 
result is to be anticipated since the ratio 
of silica plus alumina to the sum of the 
alkaline-earth and alkali oxides is higher in 
most feldspars than in most coal ashes. 

The gas-furnace tests indicated that from 
the data obtained in the electric-furnace 
tests the amount of flux required to pro- 
duce fluidity could be predicted, but the 
data were insufficient to permit an esti- 
mate of the time required for fluxing. The 
authors pointed out that certain questions 
need to be answered in connection with the 
latter problem. If it is assumed that suf- 
ficient flux to produce the required fluidity 
is spread uniformly on the surface of a bed 
of solidified slag, the upper surface of which 
is maintained at a definite temperature by 
combustion above it, there will exist a 
thermal gradient through the slag. The 
questions that must be answered are: 

1. As reactions occur between the slag and 
the flux, what order of saturation of the flux 
will occur in the top layers of the slag; will 
it tend to become supersaturated? 

2. At what rate will the flux progress 
through the bed? What will be its final dis- 
tribution ? 

3. _ Will the upper and hotter layers tend to 
retain a higher percentage of flux and thus 
deprive the lower of the opportunity to be- 
come fluid, so that fluidity will decrease with 
distance below the surface? 

4. Will afflux which is molten at the tem- 
perature of the surface have an advantage 
because of its molten condition? 

Although the data were insufficient to 
answer these questions in detail it is inter- 
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esting to note that when limestone, dolo- 
mite, or fluorspar was applied to the top 
of the bed the surface layers ultimately 
showed a deficiency of the flux, and, since 
a composite sample of the slag showed that 
none of the added flux had been lost, it 
was apparent that, instead of remaining at 
the top of the bed, the flux tended to con- 
centrate at the bottom. 

Nicholis and Reid discussed the applica- 
tion of their results to the slagging-bottom 
furnace. They concluded that the commer- 
cially important fluxes are lime and iron 
oxide, and they described a method for 
computing the most economical proportions 
of these two fluxes to add to give any 
desired result. 

The third paper of this series began with 
a consideration of the effect of the state of 
oxidation of the iron on the flow tempera- 
ture of the slag. In this connection the 
later paper by Reid to which reference has 
already been made 76 should be examined. 
For convenience the idea of “ferric per- 
centage^ was introduced, namely, the per- 
centage of the total iron in the slag (ex- 
pressed as ferric oxide) that is actually in 
the ferric state. Mathematically this is 
given by the relationship: 

Ferric | Fe 2 03 X 100 

percentage) Fe 2 0 3 + l.HFeO + 1.43Fe 

the quantities Fe 2 0 3 , FeO, and Fe being 
determined analytically. 

Nicholis and Reid summarized the effect 
of the ferric percentage on the flow tem- 
perature as follows: 

1. With slags containing an equivalent 
Fe 2 0 3 (that is, Fe 2 O s + 1.11 FeO + 1.43 Fe) 
of 10 percent, the minimum flow temperature 
occurs at a ferric percentage of about 30. 

2. As the iron content of the slag increases 
above 10 percent (equivalent) Fe 2 0 3 . the fer- 
ric percentage for minimum flow temperature 
decreases and reaches 10, with slags contain- 


ing, probably, about 20 nercent equivalent 
FesOs. 

3. As the iron content of the slag increases 
beyond 20 percent, the decrease in Sow tem- 
perature for a given decrease in ferric iron 
becomes greater. 

4. With the same iron content and increas- 
ing lime (up to 16 percent), the influence of 
the state of the iron on the flow temperature 
becomes less when the iron content is low 
(10 percent) and is not affected if it is high 
(40 percent). 

Because the flow temperature is a func- 
tion not only of the three apparent vari- 
ables (CaO-fMgO), Fe 2 0 3 , and (Si0 2 ~ 
ALOy) but also of the ferric percentage, 
it would require a series of diagrams at 
various ferric percentages to describe the 
composition-flow temperature relationship. 
However, Nicholis and Reid stated that 
analyses of slags from slag-tap furnaces 
showed that a ferric percentage of 10 was 
fairly representative. Figure 9 indicates 
the effect of variations in lime and iron 
content of the slags on their flow tempera- 
tures for ferric percentages of 10. These 
data apply particularly to slags having a 
silica to alumina ratio in the range of 1.7 
to 2.0. A supplementary diagram permits 
flow temperatures calculated from Fig. 9 
to be corrected for variations in ferric per- 
centage from 10. Figure 9 is intended to 
be indicative of the nature of the relation- 
ship disclosed rather than for actual use. 
For a more precise diagram (isotherms 
every 25 degrees), as well as for the sup- 
plementary diagram, reference to the orig- 
inal paper should be made. 

The fourth paper of this series described 
measurements of absolute viscosity made 
on coal-ash slags. The viscosity-tempera- 
ture data obtained by Nicholis and Reid 
fell into two classes, depending on whether 
or not the slags devitrified easily at tem- 
peratures below the liquidus. The oscil- 
lating-bob type of viscometer was used, an 
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instr um ent very sensitive to the presence of 
a solid phase. Consequently when meas- 
urements of viscosity were made at suc- 
cessively lower and lower temperatures very 
abrupt transitions from a unite to an ap- 
parently infinite viscosity occurred as soon 
as a solid phase began to separate in con- 
siderable amounts. Owing to the delay in 
crystallization and solution which charac- 
terizes melts high in silica, several heating 
and cooling cycles were necessary and the 
liquidus temperature for the slag was al- 
ways somewhat in doubt. However, it evi- 
dently must lie between the two tempera- 
tures determined bv successive heating and 
cooling cycles. 

Figure 10 illustrates the above discussion 
and also shows the effect of the ferric per- 
centage on the viscosity and liquidus tem- 
perature for a slag having a low equivalent 
ferric oxide content (13.3 percent in this 
particular slag). The authors summarized 
the effect of the ferric percentage for slags 
of low and moderate iron content as fol- 
lows: 

1. The shape of the viscosity curve is not 
changed by a decrease in ferric percentage, 
but the entire curve is raised about 20 percent 
(on the viscosity basis) above that for the 
melt in air. 

2. The main effect of lowering the ferric 


percentage is the decrease in the liquidus 
temperature. 

3. There is little change in the liquidus 
temperature with change in ferric percentage 
for slags having an equivalent ferric oxide 
content of 12 percent and lower. As the iron 
content increases, the change in the liquidus 
also increases, but the exact amounts have 
not 3 r et been determined for the entire range 
of coal ashes. 


The paper did not report results of tests 
in nitrogen for slags of high iron content 
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Fig. 10. Effect of ferric percentage on vis- 
cosity of a slag of low iron content. Data of 
NiciLolls and Reid.* 1 
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because no container that will withstand 
the fluxing action of slags high in ferrous 
iron has been obtained. The authors pre- 
dicted on the basis of their studies of flow 
temperature that a marked lowering of the 



(Si0 2 X 100)/($i0 2 + equiv. Fe 2 0 3 + CaO+ MgO) 

Fig. 11. Viscosity of coal-ash slag in air at 
2,600° F. Data of Nicholls and Reid. 81 

liquidus temperature w T ould accompany de- 
creases in ferric percentage for slags high 
in iron. 

A very important observation made by 
Nicholls and Reid was that silica is the 
most important single component deter- 
mining the viscosity of coal-ash slags 
melted in air. Figure 11 shows the result 
of plotting the viscosity at 2,600° F for a 
considerable number of slags as a function 
of the silica content on the basis 
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Si0 2 -4- Equivalent Fe 2 0 3 -f CaO 

-r MgO = 100 percent 

It is truly remarkable that these points 
determine so well denned a curve in view 
of the fact that the silica to alumina ratio 
of the slags ranged from 1 to 4 and the 
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Fig. 12. Cone-fusion temperatures and vis- 
cosity curves for eight coal-ash slags. Data of 
Nicholls and Reid. 81 

ratio of ferric oxide to the sum of lime and 
magnesia, ranged from 0.25 to 10.7. 

It would be a decided advantage if a 
correlation between -viscosity and fusibility 
of coal-ash slags could be found. Because 
fusibility measurements are made under 
reducing conditions a correlation, if any 
exists, should be found when viscosity 
measurements are made on slags of low 
ferric percentages. Figure 12 shows com- 
parisons made by Nicholls and Reid be- 
tween viscosity and initial deformation 
temperatures (I.T.), softening temperatures 
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(S.T.)j an< i temperatures (F.T.) for 
eight coal-ash slags of low ferric percent- 
ages. Examination of the figure shows the 
following: 

1. The correspondence between fluid tem- 
perature and viscosity varies from a viscosity 
of 6 poises at the fluid temperature in ash A 
to a viscosity of about 190 poises at the fluid 
temperature for ash G. 

2. The softening temperature for ash A is 
below the liquidus but that for ash B cor- 
responds to a viscosity of about 15 poises. 
On the other hand the viscosity for ash F at 
the softening temperature is about 4,000 
poises. 

3. The initial deformation temperature is 
below the liquidus for most ashes but in ash 
D the initial deformation appears to occur 
fairly close to the liquidus and at a tempera- 
ture corresponding to a viscosity of about 700 
poises in contrast to ash F for which the 
initial deformation temperature corresponds 
to a viscosity of about 9,000 poises. 

These observations indicate, as might be 
anticipated, that there is no relationship 
between the temperature at which an ash 
cone reaches a particular state of deforma- 
tion and the viscosity of the corresponding 
slag. It will be recalled that the tempera- 
ture intervals between the standard states 
of deformation of the cones were supposed 
to provide an index of the viscosity of the 
ash. As a test. Fig. 13 has been con- 
structed. In the figure, temperature in- 
tervals between the softening and fluid 
temperatures and between the initial de- 
formation and fluid temperatures have been 
plotted against the viscosities of the cor- 
responding slags at 2,400 3 F. From the 
figure it is apparent immediately that these 
intervals are not even a qualitative guide 
to relative viscosities. 

It should be noted that fusibility meas- 
urements used in Figs. 12 and 13 were 
made, not on the ashes, but on the slag 
remaining from the viscosity measurements. 
Analytical data for these slags are given 
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Fig. 13. Comparison of fusion intervals with 
slag viscosities. Data of Nicholls and Reid. 81 


in Table VIII, which shows the sum of the 
“'fluxes 53 ferric oxide, lime, and magnesia 
for each slag; it will be observed that 
the viscosities shown in Fig. 12, generally 
speaking, increase as this sum decreases. 

TABLE VIII 

Composition of Slags Used to Obtain the 
Data of Fig. 12 

ABC DE FGH 
Si0 2 26.3 35.3 41.4 4S.4 50.0 57.5 53.3 55.3 

AI2O3 11.6 16.6 22.3 19.2 26.7 19.1 2S.3 31.1 

Fe-Qs (equiv.) 46.1 9.9 31.4 12.1 13.1 13.2 13.7 9.5 

CaO -f MgO 16.0 3S.2 4.9 20.3 10.2 10.2 4.7 4.1 

FesOs-f-CaOT-MgO 62.1 4 S .1 36.3 32.4 23.3 23.4 18.4 13.6 

Nieholls and Reid summarized their re- 
sults by means of four trilinear plots, of 
which Fig. 14 is typical. The compositions 
are expressed on the basis 
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Si0 2 + Equivalent Fe 2 0 3 4- 

(CaO + MgO) = 100 percent 

the alumina being eliminated. They stated 
that their limited data suggest that the 
viscosity of the slags is practically inde- 
pendent of the silica to alumina ratio over 


roughly parallel to the coordinate lines 
showing the silica content of the slags, 
which is in accordance with the observa- 
tions previously made that there is a fair 
correlation between increasing viscosity and 
increasing silica or between increasing vis- 
cosity and decreasing “flux” content. In 



20 


Percent CaQ-rMgO 

Fig. 14. Viscosity-composition relationship at 2,600® F for coal-ash slags melted in air. Data of 
Nicholls and Reid . 81 


the range from 1.5 to 3.0. Since most coal- 
ash compositions fall within this range the 
data can be used without correcting for 
variations in this ratio. They also stated 
that the slags contained not more than 
2.5 percent alkali oxide. Data are not as 
yet available on slags of higher alkali oxide 
content. 

In Fig. 14 the dotted line A-B is the 
liquidus boundary for the temperature of 
the figure, which is 2,600° F. Consequently 
compositions lying to the left of this line 
contain solid phase at equilibrium. It wall 
be observed that the isoviscosity lines are 


short, the sum of the “fluxes” is a fair 
index of slag viscosity. 

Inspection of the figure shows that, in 
general, it is better to lower the viscosity 
of a slag by adding lime or a mixture of 
iron oxide and lime rather than by adding 
iron oxide alone, particularly if the lime 
content of the slag is low because the 
compositional area within which solid 
phase exists at equilibrium radiates out, so 
to speak, from the ferric oxide corner of 
the diagram. This becomes of more im- 
portance as the temperature is lowered and 
the liquidus area extends only to 30 per- 
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cent equivalent ferric oxide for slags con- 
taining 10 or more percent of lime plus 
magnesia. At this temperature slags con- 
taining less than 10 percent alkaline-earth 
oxide separate a solid phase regardless of 
the proportions of the other components. 
The authors S1 emphasized that their plots 
were based on limited data, particularly as 
regards the relation between liquidus tem- 
perature and chemical composition. 


slags. The practical advantage of this 
knowledge lies in the fact that if the vis- 
cosity of a slag at any temperature is 
known the viscosity at any other tempera- 
ture can be computed approximately. This 
statement is, of course, subject to the limi- 
tation that, if the second temperature is 
below the liquidus, the slag must not de- 
vil rify. 

The temperature coefficient of viscosity 



Nic bolls and Held also showed that it 
is possible to construct a mean tempera- 
ture-viscosity curve for coal-ash slags. If, 
starting with a set of temperature-viscosity 
curves such as those of Fig. 15, the curves 
are displaced parallel to the temperature 
axis until they coincide at some point with 
a curve, which for reference purposes is 
not displaced, they will be found to 
coincide, approximately, throughout their 
length: that is, the shapes of all the 
curves are substantially identical and, con- 
sequently, they can be fused into a single 
curve by translation parallel to the tem- 
perature axis. Theoretically, this signifies 
that the temperature coefficient of viscosity 
is substantially identical for all coal-ash 


is not a constant but varies with the vis- 
cosity. Nicholls and Reid showed this vari- 
ability as follows: 

At 1 poise, rate of change of 

viscosity per 100° F — 0.28 poise 

At 10 poises, rate of change of 

viscosity per 100°- F = 4 poises 

At 100 poises, rate of change of 

viscosity per 100° F = 58 poises 

At 1,000 poises, rate of change of 

viscosity per 100° F = 850 poises 

In Fig. 15 the writer has plotted these data 
on semHogarithmie coordinates, showing 
the temperature coefficient of viscosity as 
a function of viscosity. 

Some of the slags studied in this investi- 
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gation were also used in the earlier studies 
of flow temperature. For some of these 
Nicholls and Reid made the comparison of 
flow temperature, viscosity at the flow tem- 
perature, and liquidus temperature shown 
in Table IX 

TABLE IX 

Comparison of Flow Temperature, Vis- 
cosity, and Liquidus Temperature 


Viscosity 


Flow 

at Flow 

Liquidus 

Temperature 

Temperature 

Temperatu] 

°F 

poises 

°F 

2,550 

9 

2,550 

2,350 

16 

2,300 

2,580 

20 

2,550 

2,685 

78 

2,280 

2,730 

80 

2,700 

2,390 

SO 

2,150 

2,570 

85 

2,500 

2,560 

90 

2,200 

2,500 

120 

2,400 

+2,730 

(100) 

2,760 


Regarding these data the authors made 
the following comments: 

(а) Normally the flow temperature corre- 
sponds to a viscosity of about 80 poises. 

(б) The flow temperature cannot be less 
than the liquidus temperature. Thus, if the 
viscosity at the liquidus is less than SO poises, 
the viscosity at the flow temperature will also 
be below 80 poises. In Fig. 2 [see original 
paper], the viscosity at the flow temperature 
for melts in air was 9 poises. The observer 
could get very close values for flow tempera- 
ture in a slag like this, because the melting 
range of slags high in iron is very short and 
the slag changes from plastic to liquid in the 
range of a few degrees. 

(c) If the slag acted like a glass and had 
no liquidus point, or if the liquidus occurred 
at a viscosity much above 80 poises, the re- 
action of the observer was to decide on a 
value for the flow temperature when the slag 
had a viscosity greater than 80 poises. The 
flow temperature for a ferric percentage of 
10 in Fig. 6 [see original paper] is an illustra- 
tion. 
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In the investigation on flow temperatures, 
the aim was to fix its values so that different 
slags would tap with the same relative ease. 
This aim was fulfilled, even though the vis- 
cosities at the flow temperature are not all 
alike. Types of slags covered by item ( b ) 
will flow faster because of their low viscosi- 
ties; to offset this advantage, the}' will solid- 



90 180 270 360 °F 

Degrees above softening temp. 

Fig. 16. Comparison of average viscosity 
curve of Endell and Wens TS with data of 

Nicholls and Reid . 81 

ify with a small decrease in temperature and 
thus form •'‘'pipes* 7 of slag, which clog the 
holes and decrease the flow. Slags covered 
by item ( c ) will flow more slowly because of 
higher viscosity but will be less hampered by 
rapid solidification and the clogging of the 
hole. 

Figure 16 shows the average viscosity- 
temperature curve for coal-ash slags given 
by Endell and Wens. TS It will be ob- 
served that these authors expressed vis- 
cosity as a function of the number of 
degrees above the ash-softening tempera- 
ture. From what has been said above, it 
would not be expected that a single curve 
applicable to all coal-ash slags could be 
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obtained by this means. To demonstrate 
the inadequacy of such a curve the writer 
has converted the data of Nicholls and 
Reid given in Fig. 12 from Fahrenheit de- 
grees to degrees above the softening tem- 
perature and plotted them in Fig. 16, using 
the same key letters to identify the slags. 
The inability of any single curve to de- 
scribe the relationship for slags of widely 
varying compositions is quite apparent. 

THE FLOW OF COAL-ASH SLAGS AT TEMPERA- 
TURES BELOW THE LIQUIDUS 

It has already been pointed out that the 
term viscosity is quite equivocal when ap- 
plied to slags at temperatures below the 
iiquidus but above the lowest eutectic of 
the system. However, such slags may flow, 
and, when they do, the consequences of the 
flow may be of very considerable practical 
importance. Therefore, such flow must be 
considered, but, in referring to it, it will 
be well to designate it as plasticity or sim- 
ply as flow. As distinguished from -vis- 
cosity this plasticity has the characteristic 
that, however it is observed or estimated, 
its magnitude is not simply a function of 
composition and temperature. It is, there- 
fore, not a fundamental property but a 
property which depends upon the pln’sieal 
history of the slag. 

If a slag is heated to a temperature 
above the lowest eutectic of the system but 
below its Iiquidus temperature and main- 
tained for a long time at this temperature 
a certain quantity of a solid phase will 
remain in equilibrium with the liquid phase, 
and, if the system is one fox which the 
equilibrium diagram has been worked out, 
the proportions and compositions of the 
liquid and solid phases can be computed. 
If the slag is then heated to a tempera- 
ture above the Iiquidus and again returned 
to the original temperature the same phases 
will ultimately be found to be present in 


the original proportions. However, the 
equilibrium diagram gives no information 
on the size of the crystals of the solid 
phase or the extent to which they tend 
to interlock and retard movement. All 
that can be said with certainty is that, the 
longer the slag is maintained at the tem- 
perature in question, the larger the size of 
the individual crystals will become and, 
consequently, the greater their retarding 
effect on flow of the slag will become. 
Therefore, any method for estimating flow 
of the slag which aims at obtaining repro- 
ducible results must aim at controlling the 
crystal size of the solid phase. This means 
that the time during w-hieh the slag is 
maintained at the temperature of measure- 
ment must be carefully controlled, or else 
that the slag must be maintained at a 
temperature above the Iiquidus for a suf- 
ficient length of time to insure complete 
solution of the solid phase after wdiieh it 
must be cooled to the temperature of meas- 
urement in a definitely prescribed manner. 

Whatever the mode of measurement, the 
observer will wfish to be able to correlate 
the results with practical, full-scale ex- 
perience. Therefore, it is probable that no 
single mode of preparing the slag for test 
and no single test method w T ill suffice as an 
index of the various phenomena in wffiich 
the operating man is interested. 

If the problem in hand is that of tapping 
a slagging-bottom furnace the operator will 
wish to know how the slag flows after it 
has been maintained for many hours at 
some fairly, constant temperature, say 
2,600 s F. For this purpose it would prob- 
ably make little difference whether the 
slag were prepared for test by starting with 
the powdered ash, heating it to 2,600°, and 
maintaining it at this temperature for, say, 
24 hours, or whether the preparation were 
carried out by heating the powdered ash 
to some temperature above the Iiquidus, 
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holding it there until complete solution had 
occurred and all gas bubbles had escaped, 
then dropping the temperature to 2,600° 
and maintaining it at this temperature for 
24 hours. 

On the other hand, in the problem of 
clinkering on grates the operator is con- 
cerned with what happens during a matter 
of minutes rather than a matter of hours. 
The mode of preparation, then, would 
naturally be determined by the nature of 
the particular problem. For example, the 
question whether or not the slag will flow 
sufficiently to form clinker that can readily 
be removed from a small, domestic, under- 
feed stoker operated at a moderate rating 
could probably be answered by starting in 
the conventional way with the powdered 
ash and observing its behavior on being 
heated at a moderate rate as in the A.S. 
T.M. method for fusibility determinations, 
or, if more detailed information on flow 
were desired, the method of Bunte and 
Baum could be applied. Galileeva 82 has 
applied this method and believed that it 
can be used to predict the ability of a given 
coal to form slag. However, in the prob- 
lem of the formation of troublesome sheet 
clinker in large furnaces operated at high 
ratings, the operator is concerned not with 
what happens when powdered ash is 
heated but with what happens to the slag 
as it is cooled, for in such equipment the 
bulk of the ash which remains in the fuel 
bed is liberated as molten slag from the 
incandescent surface of fuel particles. 
Under these conditions the questions which 
need to be answered include the following: 

1. Will the molten slag flow out of the 
high-temperature combustion zone under 
the action of gravity, or will it be so 
viscous that it moves along with the fuel 
through the bed? 

82 Galileeva, E. A., Khim. Tverdogo Toplivdj 
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2. If the slag is transported, either by 
flowing under gravity or by the movement 
of the fuel, from a high-temperature com- 
bustion zone to a cooler zone, will it devit- 
rify and cease to flow fairly quickly, or will 
it continue to flew at the lower tempera- 
ture sufficiently to form a large aggregate? 

In short, a preliminary approach to cer- 
tain aspects of the clinkering problem can 
be made by answering the question: If a 
coal-ash slag is formed at a high tempera- 
ture and is then subjected to a series of 
decreasing temperatures, will it flow a little 
or a great deal? 

One way to answer this question would 
be to bring the powdered ash to a tem- 
perature high enough to represent the 
maximum temperature to which it would 
be subjected in the fuel bed and then to 
measure the change in the rate of shear 
under a constant force or the change in the 
force necessary to produce a constant rate 
of shear as the temperature was reduced 
according to some predetermined schedule 
by means of some device such as a cylinder 
rotating in the slag. Such a procedure, like 
any other that might be chosen, would be 
arbitrary, because the values obtained at 
various temperatures would be a function 
of the rate of cooling. 

Another approach to the problem, which 
might be expected to throw light on the 
relationship between plasticity of the slag 
and certain types of clinker trouble, would 
be to determine the temperature at which 
a molten slag, formed at a high tempera- 
ture, will stop flowing if it is cooled very 
rapidly. The significance of choosing a 
very rapid rate of cooling is that if a slag 
which is cooled rapidly devitriAes (crystal- 
lizes) sufficiently to stop flowing at a par- 
ticular temperature, say 2,400° F, then this 
temperature at which flow ceased owing to 
crystallization is a minimum for this par- 
ticular slag, because, if it devitrified suffi- 
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ciently during rapid cooling to stop flowing 
at 2,400°, then, if it were cooled more 
slowly, crystallization sufficient in extent to 
prevent flow would occur at a higher tem- 
perature. 

A number of practical difficulties are en- 
countered in devising means for making a 
measurement of this sort. In measuring 
the rate of shear of a cylinder which is 
immersed in the slag and to which is ap- 
plied a constant torque, the problem of 
erosion of container and cylinder by the 
slag is immediately faced, particularly with 
slags of high iron content under reducing 
conditions, which are of course of great 
interest. The same difficulty is encount- 
ered in measuring the rate of flow of the 
slag through an orifice of standard diameter 
under a standard force or the rate of flow 
of a standard amount of slag down an 
inclined plane. Another difficulty is the 
problem of cooling rapidly but at some 
definite rate, and at the same time making 
a practically continuous series of observa- 
tions in order to determine the tempera- 
ture at which, according to some arbitrary 
criterion, the slag has stopped flowing. In 
spite of all these difficulties, it appeared to 
the writer that the temperature at which a 
rapidly cooling slag would devitrify to a 
sufficient extent to cease flowing at an 
appreciable rate was of sufficient interest 
to attempt to estimate it. ss 

In devising this method the difficulty of 
container erosion was eliminated by elimi- 
nating the container, and the difficulty of 
making observations while cooling at a 
definite rate was eliminated by substituting 
heating for cooling. This latter substitu- 
tion sounds paradoxical, but it may be 
shown that by properly interpreting the 
results the desired information can be ob~ 

83 Barrett, E. P., and Taylor, J. A., J. Am. 
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tamed. The procedure may be summa- 
rized briefly as follows: 

The ash is heated to a temperature 
above the liquidus and maintained at this 
temperature until evolution of gas has 
ceased. The molten slag so obtained is 
cast into billets % inch in diameter and 
approximately % inch high by pouring the 
slag into a steel ring resting on a steel 
plate at room temperature. As soon as a 
billet is cast it is dropped into a container 
of Sil-O-Cel to prevent the glass from shat- 
tering as the result of thermal shock. Ex- 
amination of thin sections with the petro- 
graphic microscope has shown that billets 
made in this way are completely vitreous. 
To make a measurement, a billet is placed 
on a refractory base in a gas-fired, hori- 
zontal muffle-type furnace and heated at 
the rate of 15° F per minute until its 
height has diminished to 20 percent of its 
initial value. Observations of height are 
made at intervals by means of a cathetom- 
eter, and temperature measurements are 
made with an optical pyrometer. 

It will be observed that this procedure 
fields data winch exhibit the height of the 
billet as a function of temperature or, since 
the rate of heating is constant, as a func- 
tion of time. The graphical expression of 
this functional relationship is conveniently 
designated as the “flow curve” of the billet, 
and the problem, once the flow curve has 
been obtained, is to extract from it the 
maximum possible information regarding 
the manner in which the slag would have 
behaved had it been cooled at some definite 
rate from the temperature at which it was 
cast into a billet instead of being cooled 
with great rapidity and then slowly re- 
heated. 

Figure 17, showing the flow curves for 
three coal-ash slags, will be used to illus- 
trate the method of interpreting them so 
as to obtain the desired information. Con- 
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curve shows that the billet began to de- 
form under its own weight at 1,700 s F 
(point Ax), but its viscosity was so high 
that it did not begin to flow at all rapidly 
until 1,850° F was reached. At about 
2,000° F the curve exhibits a point of in- 
flection, the rate of deformation diminish- 
ing with increasing temperature, and at 
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Pig. 17. Plow curves of three coal-ash slags. 851 

2,200° F (point B) flow ceased. At 2,510° F 
(point C) flow began again, and in the 
range 2,600 to 2,700° F the viscosity of the 
slag was only moderate as indicated by the 
rather steep slope of the curve. The sig- 
nificance of these phenomena is fairly ob- 
vious. In the range A r B x the slag is very 
viscous and devitrification of the glass is 
occurring. By the time B 1 was reached 
crystallization had proceeded to the point 
where flow could no longer occur. The in- 
terval B 1 -C 1 is a solution range, and at C 1 
sufficient solid phase has dissolved to per- 
mit deformation to resume. 

What is the significance of these facts 
for the operating man who has to burn the 
coal in a piece of equipment operated at 


exist a combustion zone in which the tem- 
perature is very high, 2,800 to 2,900° F. 
As the ash is liberated from the burning 
fuel it will form molten globules on the 
surface of the fuel particles, and as these 
globules grow larger, through coalescence 
as the fuel particle burns away, they will 
eventually reach a size such that they will 
flow downward under their own weight. 
This is evident from the slope of the curve 
in the range 2,600 to 2,700 s F. As they 
flow downward out of the zone of intense 
combustion they will in general reach a 
region of lower temperature, say 2,200 to 
2,300° F. Reference to the flow curve 
shows that if they remain in this region 
for any considerable length of time flow 
will cease owing to crystallization. This 
is demonstrated by the fact that devitri- 
fication was occurring at 2,000 s F at a rate 
sufficient to retard the flow of the billet, 
and, if devitrification was going on fairly 
rapidly even at this low temperature when 
the slag was very viscous, it will certainly 
proceed at least as rapidly if the slag is 
maintained at a higher temperature but 
one which is materially below C x . 

Suppose, on the other hand, that the 
coal being burned forms a slag represented 
by the flow curve for slag 2. This slag is 
much more fluid and, moreover, does not 
readily devitrify. That some crystalliza- 
tion does occur is evidenced by the dimin- 
ished slope of the curve in the region 2,050 
to 2,350° F, but at no time did this slag 
devitrify to an extent sufficient to prevent 
its deformation under so small a deforming 
force as its own weight. The curve shows 
that, to cause the flow of slag 2 to cease 
as the result of increasing viscosity, its 
temperature would have to be lowered to 
about 1,800° F. Such a reduction in tem- 
perature is too much to ask of large-scale 
equipment such as a large underfeed 
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stoker operated at high ratings. The tem- 
perature on the extension grate of such a 
stoker is probably considerably in excess of 
1,S0G° F when the stoker is carrying a 
heavy overload. When slag 2 flowed down 
to a point near the tuyeres it might be 
chilled to a temperature where flow would 
cease owing to increasing viscosity, but 
when it reached the extension grate it would 
begin to how again and sheet clinker would 
form. 

Under these conditions slag 1 would give 
relatively little trouble. Even if it flowed 
rather rapidly into a region where the tem- 
perature was considerably below 2/200* F, 
so that devitrification was retarded, it 
would quickly become very viscous and as 
it moved toward the extension grate it 
would continue to devitrify. The result 
would not be the formation of sheet clinker, 
and the size of the aggregates would not 
be likely to become so great as to give 
trouble in disposal through the dump grate. 

The point to be emphasized is that both 
these coals iovzn. clinker, but the nature of 
the slag from only one of the coals is such 
that the clinker is likely to produce operat- 
ing dimculties. That this conclusion is sup- 
ported by practical operating experience is 
indicated by Ricketts' discussion of the 
problem, 73 a portion of which was quoted 
on page 525. Slag 1 was formed from the 
ash of a typical West Virginia coal with 
an ash-softening temperature of 2,520 c F. 
This coal has been burned on large under- 
feed stokers for the production of electric- 
power without undue clinker trouble. Slag 
2 was formed from the ash of a Pennsyl- 
vania coal with an ash-softening tempera- 
ture of 2,240° F. This coal has given seri- 
ous clinker trouble when burned on under- 
feed stokers at high ratings. It will be 
seen that these slags typify the distinction 
that Ricketts made in Ms discussion. 

It is not suggested, of course, that the 


mere geographical origin of the coals has 
any bearing on the behavior. The differ- 
ence in behavior is to be ascribed to dif- 
ferences in ash composition, and by exer- 
cising some care in selection a Pennsylvania 
coal-ash slag could have been found to 
simulate the behavior of slag 1, and con- 
versely; but before considering the influ- 
ence of composition on the behavior of the 
slag a number of other points remain to be 
settled. Slags numbered 1 and 2 were se- 
lected simply because they threw light on 
Ricketts 5 observations. The softening tem- 
peratures of the ashes from which slags 1 
and 2 were made are indicated by short 
vertical lines marked S.T. on Fig. 17. 
These softening temperatures bear no rela- 
tion to the critical points on the flow 
curves which would give the useful infor- 
mation that the curves themselves provide. 
The inadequacy of the softening tempera- 
ture in this respect will be further illus- 
trated by data to be presented later. 

The curve for slag 3 presents some inter- 
esting anomalies. The initial increase in 
height may be ascribed to high surface 
tension because the increase in height is 
brought about by the rounding of the flat 
bottom of the billet into a segment of a 
spheroid and is entirely analogous to the 
smoothing of a glass surface by "fire polish- 
ing/ 5 The occurrence of a second region 
of zero flow (D 3 -£ 3 ) may also be ascribed 
to surface forces because it was found that, 
wherever this phenomenon occurred, the 
slag did not wet the refractory base until 
the temperature corresponding to point E 3 
had been reached. The failure of the slag 
to wet the base was indicated by the angle 
of contact of the billet with the base. Slags 
which flowed without wetting the base as- 
sumed a lenticular shape until point E was 
reached. At point E the angle of contact 
was 90% and at temperatures above E the 
slag contacted the base at an angle greater 
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than 90° and flowed out over it horizon- 
tally instead of simply collapsing verti- 
cally and bulging so that its maximum 
horizontal cross-sectional area la}’ in a 
plane about halfway between the base and 
the top of the billet. This phenomenon 
might provide a means for estimating the 
temperature at which grate-bar erosion and 
slagging of refractories might be expected 
to become very serious. 

In a type of flow curve exhibited by 
some slags the billet retains its initial form 
up to some temperature characteristic of 
its composition, after which it simply de- 
creases in height in a uniform manner 
without any indication of devitrification or 
of flow arrested by surface forces. Such 
behavior indicates either that the slag 
never devitrifies or that it devitrifies so 
readily that the process is complete before 
the glass reaches a temperature at which it 
can flow under its own weight. For prac- 
tical purposes it is of little importance 
which possibility accounts for the behavior 
since the practical question is whether or 
not the slag will stop flowing if its tem- 
perature is made lower than some value 
dependent on the construction and mode 
of operation of the particular equipment in 
which the coal is being burned. If the rate 
of flow is small, indicating a highly viscous 
slag, viscosity is the primary factor in- 
volved, whereas, if the flow is very rapid, 
devitrification is chiefly involved. 

There is a pronounced similarity between 
this method of observation and that of 
Bunte and Baum. 4 * 6 * 7 However, the be- 
havior of a slag on cooling cannot be pre- 
dicted with as much assurance from a 
measurement made on the pulverized ash 
as from a measurement on the slag itself. 
Some comparisons of the behavior of mix- 
tures of the same composition in the form 
of billets and in the form of compressed 
briquets show identical behavior and others 


wide variations. Agreement in behavior 
indicates that the particular compositions 
were ones which approached equilibrium 
rapidly from both the high- and low-tem- 
perature directions. A distinct advantage 
of the use of slag billets as test pieces is 
illustrated by Fig. IS. Curve 1 is the flow 
curve of a billet. The curves marked 2 are 
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Fig. IS. Comparison in behavior of billets 
and briquets . 53 

two measurements on briquets of the same 
composition as the billet. The behavior of 
the briquets was due to the evolution of 
gas trapped within the briquets. To some 
extent tills could be overcome by applying 
a load to the cylinder of ash, as Bunte 
does, but, although the load may prevent 
an actual increase in height, it cannot pre- 
vent the gas trapped within the test piece 
from exerting a retarding action on the 
deformation until the liquid phase becomes 
low enough in viscosity to permit the gas 
to escape by bubbling through it. In any 
event it seems more reasonable, when one 
is concerned with the behavior of a slag, to 
make observations on the slag rather than 
on the ash from which the slag is derived. 
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A serious criticism of the procedure just equivalent ferric oxide is increased the 
described is that the state of oxidation of minimum temperature at which flow will 
the iron is indeterminate. Although the occur is decreased markedly in the absence 
failure to control the state of oxidation of of lime and to a lesser extent with higher 
the iron introduces some uncertainty, the proportions of lime, 
flow curves indicate, in a qualitative way 3. Increasing lime first raises and then 

at least, the influence of composition on the lowers the viscosity, 

behavior of slags. Figure 19 shows flow 4. Increasing iron increases the viseos- 

eurves for mixtures of a particular kaolin it}', very markedly when the lime is low 



Fig. 19. Flow curves and softening temperatures of ealeite-iron oxide-kaolin mixtures. 


with various amounts of ferric oxide and and to a lesser extent when the lime is in- 

caleite. Compositions 1, 2, and 3 in addi- creased. 

lion to containing ealcite in the respective The upper set of curves of Fig. 20 show, 
proportions of zero, 10, and 20 percent of in somewhat greater detail, the effect of 
the kaolin contain a constant amount, 20 keeping the proportions of iron and silica 
percent, of equivalent ferric oxide. Com- constant and increasing the lime. These 
positions 4, 5, and 6 duplicate 1, 2, and 3 data ar e also for mixtures of kaolin, calcite, 
but contain 40 percent of equivalent ferric and iron oxide ? but the compositions are 
oxide. Inspection of the figure shows that: expressed on the basis 

1. If the proportion of equivalent ferric CaO 4* FeO + Si0 2 = 100 percent 

oxide is held constant and the proportion The lower set of curves in this figure 
of lime to kaolin is increased, the minimum shows the effect of keeping the proportion 
temperature at which flow will occur is first (CaO + MgO) : FeO : Si0 2 constant and 
decreased and then increased. varying the quantity " (MgO X 100)/ 

2. Ii the proportion of lime to kaolin (MgO t CaO) between the l imi ts of zero 

is kept constant while the proportion of and 50. 
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The figures show that the composition- 
flow relationships are very complex as 
would be anticipated because not only vis- 
cosity but also devitrification is involved. 
The general inferences to be made appear 
to be: 


creases the surface tension at low tempera- 
tures. 

4. Figure 19 shows the absence of any 
relation between the softening temperature 
of the ash and the flow characteristics of 
the corresponding slag. 
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1. If iron is kept constant, increasing 
lime first lowers and then raises the mini- 
mum temperature at which the slag will 
flow. 

2. If iron is kept constant, increasing 
lime decreases the viscosity up to the high- 
est percentage of lime used. This is in ac- 
cordance with the observations of Herty, 
Hartgen, et al., 77 who showed that viscosi- 
ties in the lime-silica system decrease as the 
proportion of lime to silica approached the 
composition of calcium silicate which con- 
tains 48.5 percent lime. For the SO per- 
cent lime mixture of Fig. 18 the quantity 
(CaO X 100) /(CaO + SiOo) = 42.7 per- 
cent. 

3. Substituting magnesia for lime in- 
creases the ease of devitrification and in- 


su MART 

1. The viscosity of coal-ash slags at tem- 
peratures above the liquidus and of slags 
that do not deviirify can be measured by 
the method of Nieholls and Reid. 51 and, on 
the basis of their data, the composition of 
any slag can be so adjusted that it can be 
tapped at any temperature between 2.200 
and 2,S00 C F. 

2. Because of practical limitations the 
data of Nieholls and Reid have not yet 
been extended to include slags of high iron 
content under reducing conditions. Until 
a satisfactory container can be found for 
working with such slags under such condi- 
tions there appears to be no alternative to 
the procedure suggested herein as a means 
for studying their behavior. 
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3. Except in respect to slags which do 
not devitrify, the viscosity measurements 
of Nicholls and Reid cannot be extended 
to throw light on the problems of clinker 
formation. Until some more satisfactory 
method for estimating the temperature at 
which a cooling slag devit rifles sufficiently 
to prevent further flow has been devised, 
there appears to be no means for doing so 
other than studying the flow of cast billets 
in the manner described. 

Various 'Types of Operating Trouble 
Arising from the Fusion of Ash 

The operating difficulties arising from 
fusion and flow of ash cannot be discussed 
in the abstract but only by considering the 
consequences of burning coals of particular 
properties in particular ways in particular 
pieces of combustion equipment. Both the 
quantity of ash present and the distribu- 
tion of the ash in the fuel are important 
factors. However, in order to simplify the 
discussion, it will be assumed, unless other- 
wise indicated, that the various ash compo- 
nents are distributed through the coal with 
sufficient uniformity so that, within limits 
at least, it can be supposed to behave in a 
manner related to its composition as deter- 
mined by the usual ash analysis. This as- 
sumption can be justified to a considerable 
extent because coal which departs seriously 
from this condition is, in general, benefi- 
ciated by some sort of preparation process 
to correct its deficiencies if it is to be mar- 
keted for use in large-scale combustion 
equipment. 

CUN SEEING ON GRATES 

In an overfeed fuel bed operating prop- 
erly there are a series of layers, from top 
to bottom of the bed, which merge more or 
less gradually into one another. At the top 
is a layer of green coal which merges into a 
distillation zone where volatile matter is 


being expelled. If a coking coal is being 
burned the distillation zone merges into a 
coking zone. Below' the coking zone is a 
region of actively burning coke. If the 
draft is considerable, and particularly if 
the fuel bed is operating under forced 
draft, the temperature in this zone will be 
very high, frequently reaching 3,000 to 
3,100* F, and the thermal gradients be- 
tween it and the adjacent zones wall be 
very great. Below this is a layer of ash or 
clinker or both. 

In considering the conditions which may 
lead to the formation of large clinker, or 
to the adhesion of fused ash to the grate, 
or both, in such a fuel bed it is necessary to 
distinguish three conditions. If the tem- 
perature in the combustion zone is too low 
to cause appreciable fusion of the ash, 
clinkering, in the sense in which w T e are 
considering it, will not occur. As the fuel 
particles burn away, the ash particles are 
brought closer and closer together, and 
they eventually arrive at the grate as a 
more or less sintered mixture which gives 
no trouble. If the temperature in the com- 
bustion zone is high enough to fuse the ash 
but not high enough to reduce the slag vis- 
cosity to the point where individual glob- 
ules of slag can migrate under the influence 
of gravity downward through the fuel bed, 
an accumulation of fused, but only slightly 
mobile, slag will occur as the fuel moves 
downward through the combustion zone, 
large aggregates wall form, and there will 
be a large loss of combustible matter. If 
the ash content of the coal is high, the 
quantity of such aggregates may block the 
flow of air and combustion gases through 
the fuel bed. At best this may reduce the 
combustion rate that can be maintained, 
and at worst it may cause a rise in grate 
temperature to the point where the slag 
can wet the grate and adhere firmly to it. 
If the temperature in the combustion zone 
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is high enough not only to fuse the slag 
but also to lower its viscosity to the point 
where individual globules can migrate 
downward under their own weight, the 
situation becomes more complex and re- 
quires more minute analysis. 

Other factors besides the physical prop- 
erties of the ash and the combustion zone 
temperature affect the possibility of indi- 
vidual ash globules flowing through the fuel 
bed. The thickness of the bed. the size and 
.size distribution of the fuel particles, and 
the quantity of ash are also operative, but 
we are here concerned only with the ability 
of fused slag to flow. If the conditions are 
such that the slag can flow, then, as indi- 
vidual fuel particles are gradually con- 
sumed bv combustion, globules of fused 
slag will form on their external surfaces. 
As the combustion continues, the globules 
will grow larger owing to the liberation of 
more fused slag and will coalesce as the re- 
sult both of their increasing size and ox the 
diminution in surface of the fuel particles 
attendant upon combustion. When an in- 
dividual slag globule becomes large enough 
it will break away from the burning fuel 
particle and flow rapidly downward. If it 
meets with no obstruction the ideal result 
is obtained; the globule falls through the 
grate bars and arrives in the ashpit -where 
it almost instantaneously freezes into a 
small, glassy clinker. 

If, on the other hand, the migrating 
slag globules meet with obstructions before 
passing through the grate bars, clinker 
trouble may or may not result, depending 
on the temperature to which they are ex- 
posed and on the properties of the slag. It 
was for the purpose of investigating the be- 
havior of the slag under circumstances 
such as ’ these that the method of testing 
described in the preceding section was de- 
vised. Suppose that the slag under con- 
sideration has the flow characteristics il- 


lustrated by slag 1 in Fig. 17. Suppose 
further that the temperature in the com- 
bustion zone was 2, SOD to 3,000° F, and 
that the temperature at the point above 
the grate at which the slag met with ob- 
structions blocking its further progress was 
2,300° F. From the flow curve for the 
slag it is apparent that, upon cooling to 
2,300 c F, rapid devitrification will occur 
and, unless the coal is very high in ash con- 
tent so that a veritable rain of molten slag 
globules is arriving at this cooler region 
above the grate, no growth of large clinker 
can occur although, from the standpoint of 
ash fusion, all the ash that is not carried 
out of the fuel bed in the combustion gases 
is clinkering. 

This state of affairs, or the one in which 
the slag flows ail the way through to the 
ashpit, is eminently satisfactory. When 
the slag flows freely away from the surface 
of the burning fuel particles the less of 
combustible in the ash is minimal, and, so 
long as the slag is one which devitrifies 
readily on moderate cooling, it is, in gen- 
eral, possible to construct and operate com- 
bustion equipment in such a way as to 
avoid unduly large clinker or the adhesion 
of slag to metal. In fact, most of the rules 
for design and operation of furnaces to 
avoid this type of clinker trouble are based 
on the principle of producing cool zones 
into which the molten slag will now and 
solidify. So universally is this true that 
substantially all other roles for this pur- 
pose are based on the principle of avoiding 
heating a large proportion of the ash to or 
near its softening temperature at any one 
time. 

Now suppose that the furnace conditions 
remain constant but that the slag, instead 
of having properties similar to those of slag 
1 of Fig. 17, behaves like slag 2 in that 
figure. At the assumed combustion-zone 
temperature the slag will be very fluid and 
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3. Except in respect to slags which do 
not devitrify, the viscosity measurements 
of Xicholls and Reid cannot be extended 
to throw light on the problems of clinker 
formation. Until some more satisfactory 
method for estimating the temperature at 
which a cooling slag devit rifles sufficiently 
to prevent further flow has been devised, 
there appears to be no means for doing so 
other than studying the flow of cast billets 
in the manner described. 

Various Types of Operating Trouble 
Arising from the Fusion of Ash 

The operating difficulties arising from 
fusion and flow of ash cannot be discussed 
in the abstract but only by considering the 
consequences of burning coals of particular 
properties in particular ways in particular 
pieces of combustion equipment. Both the 
quantity of ash present and the distribu- 
tion of the ash in the fuel are important 
factors. However, in order to simplify the 
discussion, it will be assumed, unless other- 
wise indicated, that the various ash compo- 
nents are distributed through the coal with 
sufficient uniformity so that, within limits 
at least, it can be supposed to behave in a 
manner related to its composition as deter- 
mined by the usual ash analysis. This as- 
sumption can be justified to a considerable 
extent because coal which departs seriously 
from this condition is, in general, benefi- 
elated by some sort of preparation process 
to correct its deficiencies if it is to be mar- 
keted for use in large-scale combustion 
equipment. * 

CLINKERING ON GRATES 

In an overfeed fuel bed operating prop- 
erly there are a series of layers, from top 
to bottom of the bed, which merge more or 
less gradually into one another. At the top 
is a layer of green coal which merges into a 
distillation zone where volatile matter is 


being expelled. If a coking coal is being 
burned the distillation zone merges into a 
coking zone. Below the coking zone is a 
region of actively burning coke. If the 
draft is considerable, and particularly if 
the fuel bed is operating under forced 
draft, the temperature in this zone will be 
very high, frequently reaching 3,000 to 
3,100 s F, and the thermal gradients be- 
tween it and the adjacent zones will be 
very great. Below this is a layer of ash or 
clinker or both. 

In considering the conditions which may 
lead to the formation of large clinker, or 
to the adhesion of fused ash to the grate, 
or both, in such a fuel bed it is necessary to 
distinguish three conditions. If the tem- 
perature in the combustion zone is too low 
to cause appreciable fusion of the ash, 
clinkering, in the sense in which we are 
considering it, will not occur. As the fuel 
particles burn away, the ash particles are 
brought closer and closer together, and 
they eventually arrive at the grate as a 
more or less sintered mixture which gives 
no trouble. If the temperature in the com- 
bustion zone is high enough to fuse the ash 
but not high enough to reduce the slag vis- 
cosity to the point where individual glob- 
ules of slag can migrate under the influence 
of gravity downward through the fuel bed, 
an accumulation of fused, but only slightly 
mobile, slag will occur as the fuel moves 
downward through the combustion zone, 
large aggregates will form, and there will 
be a large loss of combustible matter. If 
the ash content of the coal is high, the 
quantity of such aggregates may block the 
flow of air and combustion gases through 
the fuel bed. At best this may reduce the 
combustion rate that can be maintained, 
and at worst it may cause a rise in grate 
temperature to the point where the slag 
can wet the grate and adhere firmly to it. 
If the temperature in the combustion zone 
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is high enough not only to fuse the slag 
but also to lower its viscosity to the point 
where individual globules can migrate 
downward under their own weight, the 
situation becomes more complex and re- 
quires more minute analysis. 

Other factors besides the physical prop- 
erties of the ash and the combustion zone 
temperature affect the possibility of indi- 
vidual ash globules flowing through the fuel 
bed. The thickness of the bed, the size and 
.size distribution of the fuel particles, and 
the quantity of ash are also operative, but 
we are here concerned only with the ability 
of fused slag to flow. If the conditions are 
such that the slag can flow, then, as indi- 
vidual fuel particles are gradually con- 
sumed by combustion, globules of fused 
slag will form on their external surfaces. 
As the combustion continues, the globules 
will grow larger owing to the liberation of 
more fused slag and will coalesce as the re- 
sult both of their increasing size and of the 
diminution in surface of the fuel particles 
attendant upon combustion. When an in- 
dividual slag globule becomes large enough 
it will break away from the burning fuel 
particle and flow rapidly downward. If it 
meets with no obstruction the ideal result 
is obtained; the globule falls through the 
grate bars and arrives in the ashpit where 
it almost instantaneously freezes into a 
small, glassy clinker. 

If, on the other hand, the migrating 
slag globules meet with obstructions before 
passing through the grate bars, clinker 
trouble may or may not result, depending 
on the temperature to which they are ex- 
posed and on the properties of the slag. It 
was for the purpose of investigating the be- 
havior of the slag under circumstances 
such as these that the method of testing 
described in the preceding section was de- 
vised. Suppose that the slag under con- 
sideration has the flow characteristics il- 


lustrated b} r slag 1 in Fig. 17. Suppose 
further that the temperature in the com- 
bustion zone was 2,800 to 3,000° F, and 
that the temperature at the point above 
the grate at which the slag met with ob- 
structions blocking its further progress was 
2,300° F. From the flow curve for the 
slag it is apparent that, upon cooling to 
2,300° F, rapid devitrification will occur 
and, unless the coal is very high in ash con- 
tent so that a veritable rain of molten slag 
globules is arriving at this cooler region 
above the grate, no growth of large clinker 
can occur although, from the standpoint of 
ash fusion, all the ash that is not carried 
out of the fuel bed in the combustion gases 
is clinkering. 

This state of affairs, or the one in which 
the slag flows all the way through to the 
ashpit, is eminently satisfactory. When 
the slag flows freely away from the surface 
of the burning fuel particles the loss of 
combustible in the ash is minimal, and, so 
long as the slag is one which devitrifies 
readily on moderate cooling, it is, in gen- 
eral, possible to construct and operate com- 
bustion equipment in such a way as to 
avoid unduly large clinker or the adhesion 
of slag to metal. In fact, most of the rules 
for design and operation of furnaces to 
avoid this type of clinker trouble are based 
on the principle of producing cool zones 
into which the molten slag will flow and 
solidify. So universally is this true that 
substantially all other rules for this pur- 
pose are based on the principle of avoiding 
heating a large proportion of the ash to or 
near its softening temperature at any one 
time. 

Now suppose that the furnace conditions 
remain constant but that the slag, instead 
of having properties similar to those of slag 
1 of Fig. 17, behaves like slag 2 in that 
figure. At the assumed combustion-zone 
temperature the slag will be very fluid and 
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will unquestionably flow readily. No harm 
will result if the fuel-bed conditions are 
such that the slag is unimpeded in its mi- 
gration and flows through the grate into 
the ashpit. However, if the slag is re- 
tarded even briefly in a region below 
2,400° F it will rapidly become very vis- 
cous though not, unfortunately, sufficiently 
viscous to cease flowing altogether. Con- 
sequently a sticky, slowly flowing accumu- 
lation of slag will form in the vicinity of 
the grate, blocking off a large area of the 
fuel bed. If some of the slag reaches the 
grate it may adhere to the grate and ooze 
through between the bars with disastrous 
results. To burn successfully on grates at 
high ratings a coal the ash of which forms 
a slag of this sort, it is necessary so to 
design the equipment that the fluid slag 
is rapidly transported to a region where 
the temperature does not greatly exceed 
1,800° F and to clean the fire frequently 
enough to prevent accumulation of clinker 
to an extent sufficient to cause a rise in 
temperature significantly in excess oi 
l,S00 e . 

Occasionally the composition of an ash 
yielding a slag with undesirable properties 
such as those of slag 2 of Fig. 17 is such 
that it is economically feasible to change its 
properties by the addition of inorganic ma- 
terial to the coal. Figure 21 illustrates an 
example. The ash yielded a slag which had 
the flow characteristics illustrated by the 
curve designated in the figure as “slag from 
untreated ash.” The percentage composi- 
tion of this ash was Si0 2) 3S.5; A1 2 0 3 , 
22.6; Fe 2 0 3 , 18.9; CaO, 8.1; MgO, 1.1; 
K 2 0 4- Na 2 0, 1.9. Consideration of these 
data in the light of Fig. 19 indicated that 
the lime content of the ash was somewhat 
low in view of its iron oxide content. Con- 
sequently sufficient calcium carbonate was 
added to a portion of the ash to bring its 
lime content to about 13 percent. The ef- 


fect of this addition of lime is shown in 
Fig. 21 in the curve marked “slag from 
treated ash.” In view of the detailed dis- 
cussion of flow curves and their significance 
the result requires no comment. 

Clinker trouble of another type may oc- 
cur in an overfeed fuel bed. A fuel bed 
operating with a combustion-zone tempera- 
ture of 2,800 to 3,000° F on a coal the ash 



Fig. 21. Effect of addition of calcium carbon- 
ate on the Sow characteristics of an ash. 


of which yields, at these temperatures, a 
fluid slag that devitrifies readily at a tem- 
perature of 2,400° F may operate indefi- 
nitely without giving trouble assuming that 
a mechanism exists for removing the dis- 
crete particles of small clinker produced 
under such conditions. However, if for 
some reason active operation is stopped 
and the fire is left under bank for many 
hours it frequently happens that a sheet of 
clinker forms at the bottom of the com- 
bustion zone half to three-quarters of an 
hour after normal operation is resumed. 
The condition under consideration should 
not be confused with the clinkering that 
may occur wffien a fuel bed that has been 
operating at a high rating is rapidly 
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banked. The sudden stoppage of the pri- 
mary air under such circumstances per- 
mits excessively high temperatures and a 
strongly reducing environment in parts of 
the fuel bed and may result almost imme- 
diately in the formation of sheet clinker at 
the top of the ash zone. In the situation 
here being discussed the load is dropped 
reasonably slowly and the sheet clinker 
does not form until after normal operation 
has been resumed. 

The mechanism by which the sheet 
clinker forms is quite obvious. While the 
fire is under bank slow combustion occurs 
with the liberation of ash at a compara- 
tively low temperature and there is pro- 
duced an accumulation of ash which is 
powdery or, at the most, sintered together. 
This, of itself, is a bad condition, but, aside 
from limiting the rating at which the equip- 
ment can be operated, it involves no seri- 
ous consequences. Moreover, no serious 
operating difficulties would result if, when 
it was desired to resume normal operation, 
the temperature of the entire sintered mass 
could be raised suddenly to the tempera- 
ture at which the slag would normally form 
in the combustion zone and at which it is 
fluid enough to flow readily under its own 
weight. Could this be done the entire mass 
would migrate downward, breaking up into 
discrete globules which, in colder regions 
below, would solidify. The release of this 
sudden shower of molten slag would, to 
some extent, interfere ' with normal opera- 
tion for a short time, but in a little while 
these difficulties would disappear. 

However, so ideal a state of affairs can- 
not be achieved. Of necessity the sintered 
mass will be heated up rather slowly, with 
the result that a temperature will be 
reached at which the slag begins a very 
slow viscous flow, the inevitable conse- 
quence of which is to seal off the fuel from 
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the air supply and a complete shutdown 
may result. 

The means for combating this condition 
will depend on the size and construction of 
the unit. If physical conditions permit, the 
obvious procedure is to break up and dis- 
perse the sintered cake before the tempera- 
ture is raised to a point where fusion be- 
gins. Frequently, however, the construc- 
tion of the equipment does not permit such 
treatment, as, for example, in the Wood 
continuous gas producer, a type of unit in 
which this form of clinker trouble some- 
times manifests itself. Probably the best 
solution is to wait until trouble begins to 
develop and then to feed steam into the 
primary air. This is a familiar procedure, 
but the mechanism by which it acts in 
circumstances such as these is frequently 
misinterpreted, the effect produced being 
ascribed to breaking of hard clinker by 
thermal shock. However, it is apparent 
that, when the trouble is due to the pres- 
ence of a very viscous fluid, thermal shock 
must be discounted as a mechanism for re- 
lieving the condition. The fact is that the 
presence of even small amounts of moisture 
has a marked effect on the viscosity of slags 
in general. The phenomenon does not seem 
to have been quantitatively investigated, 
but it is known to be operative in the flow 
of certain volcanic magmas the composi- 
tion of which is such that they would not, 
ordinarily, flow at the temperatures at 
which they are released but which do flow 
because of the lowering of their viscosity 
by the steam that is present. Conse- 
quently if steam can be brought into con- 
tact with a mass of liquid slag too viscous 
to flow under its own weight it is possible, 
frequently, to cause migration of the slag 
from a region wffiere it causes operating 
difficulties to a region where it does not. 

Thus far it has been assumed that we 
are dealing with what might be called the 
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“classical” overfeed fuel bed in which there 
are more or less definite strata from green 
fuel at the top to ash or clinker at the bot- 
tom. Frequently, however, when band- 
fired fuel beds are operated at high ratings 
such a stratified condition does not exist 
owing to the tendency of the fireman to 
carry a thin fire and, particularly, if the 
coal is a heavily coking one, to work it fre- 
quently with a slice bar to keep it open and 
allow ready passage of air through the bed 
in order to maintain the desired rating. 
Under these conditions there is a tendency 
to bring aggregates of slag too viscous to 
flow under their own weight in contact with 
each other and to return them to the hot- 
test region of the fuel bed with the result 
that every tendency for the formation of 
large clinker is fostered. 

Frequently discussions of this source of 
clinker trouble stress the fact that such agi- 
tation returns the slag not only to a hotter 
region but also from an oxidizing environ- 
ment near the grate to a more or less 
strongly reducing environment in the vi- 
cinity of incandescent coke, with resultant 
reduction of previously oxidized iron to the 
ferrous state and consequent lowering of 
the softening temperature. This explana- 
tion does not seem altogether satisfactory. 
If the ash which is returned to the high- 
temperature region has not already fused 
to form slag during its initial passage 
through the fuel bed it will not, in general, 
do so upon being returned to its former 
location. If it has been fused in its initial 
passage, a change in the oxidizing potential 
of the environment thereafter will not af- 
fect the state of oxidation of the iron ex- 
cept very slowly because the molten slag 
has a rather small specific surface and a 
gaseous reductant must penetrate into its 
interior by diffusion to reduce the iron 
there present. However, regardless of the 
mechanisms involved, it may be stated as 


a general rule that any unnecessary agita- 
tion of a fuel bed is to be avoided as tend- 
ing to aggravate clinker trouble. 

Some of the more outstanding considera- 
tions involved in the formation of clinkers 
in the simplest type of overfeed fuel bed 
having been discussed, attention must be 
given to the more complex conditions exist- 
ing in large furnaces operating in whole or 
in part on the underfeed principle. Nich- 
olls 34 has shown that the time required for 
a piece of fuel to pass through the combus- 
tion zone in underfeed burning is four to 
five times as great as that required in an 
overfeed bed of the same depth and rate of 
burning. He show 7 ed also that the quantity 
of ash and clinker w T hich accumulates in an 
underfeed fuel bed is several times as great 
as in an overfeed bed operating under com- 
parable conditions. This demonstration de- 
pends upon the assumption that the slag 
does not flow but migrates with the fuel. 
This is a fair assumption but it cannot be 
considered to hold always, or even gener- 
ally, after the combustible in the fuel par- 
ticles has been reduced to 50 percent or less 
of its initial value. Nevertheless it is quite 
generally true that the large, multiple-re- 
tort stoker concentrates the ash in a way 
calculated to favor the growth of large 
clinker. 

However, the formation of troublesome 
slag clinker in this type of underfeed stoker 
does not manifest itself within the fuel bed 
proper. The formation begins in the burn- 
ing-out zone on the extension grate and 
builds back slowly tow r ard the tuyeres, 
blocking off the primary air supply from 
section after section until a shutdown is 
necessary. Ricketts 73 pointed out that not 
all coals yield slags w r hich form troublesome 
clinker growth and that the tendency to 
form it is not directly related to the ash- 

84 Nieholls, P., U. S. Bur. Mines > Bull 378 
(1934), 76 pp. 
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softening temperature. Certain ashes, of 
relatively low softening temperature, tend, 
instead of forming sheets, to roll up in balls 
on the extension grate; unless they are too 
large to handle through the dump grate, 
they give no trouble. 

In general the problem, from the operat- 
ing point of view, is to achieve sufficient 
cooling of the extension grate region to pre- 
vent flow of the slag into sheet form. This 
problem, as has been indicated, is vastly 
complicated, and for the most part ren- 
dered impossible of solution, if the slag will 
not devitrify readily. Frequently when it 
is necessary to rely, not on devitrification, 
but upon increase in viscosity with falling 
temperature to stop flow, it is found that 
the temperature to which the extension 
grate region must be cooled to stop its flow 
is too low r to be achieved while operating 
at efficiently high ratings. 

By generalizing the remarks made re- 
garding the particular problem of the for- 
mation of sheet clinker on the extension 
grate of multiple-retort underfeed stokers, 
it may be seen that the basis of all attempts 
to ameliorate the operating troubles attend- 
ant upon the formation of large clinkers in 
fuel beds is to cool those portions of the bed 
in which the ash is concentrated and that, 
the greater the concentration of the ash, 
i.e., the less the proportion of combustible 
associated with it, the greater must the 
cooling be. Regardless of the type of fuel 
bed the problem remains the same. The 
traveling-grate stoker, for example, causes 
the fuel, during the earlier stages of com- 
bustion, to burn on the underfeed principle; 
later the fuel passes through an interme- 
diate or indeterminate type of burning; 
finally it burns out on the overfeed prin- 
ciple. Nicholls has very .clearly illustrated 
this. Nevertheless the fundamental prob- 
lem to be solved is still the same. As com- 


bustible burns away and aggregates of ash 
are brought closer and closer together, their 
temperature must be lowered to the point 
where flow is negligible. 

Many of the authors who have dis- 
cussed this problem stress the desirability 
of maintaining oxidizing conditions in re- 
gions where the concentration of ash is 
high with the object of keeping the iron in 
the ferric state. However, keeping the iron 
oxidized does not seem very feasible with- 
out introducing too great an excess of air. 
To raise the softening temperature of an 
ash containing considerable amounts of 
iron to a practically significant extent re- 
quires, in general, that the environment 
contain four or more times as much oxi- 
dizing gas as reducing gas. To achieve 
such a condition in particular regions of a 
large fuel bed presents a technical problem 
of such magnitude that satisfactory solu- 
tion seems rather doubtful. On the other 
hand, cooling of particular parts of the fuel 
bed by the controlled distribution of air 
can be accomplished rather satisfactorily, 
and equipment so designed that the supply 
of air to different parts of the bed can be 
properly controlled not only is of material 
assistance in minimizing clinker trouble but 
also permits the maintenance of more sat- 
isfactory fuel-bed conditions in general, 
which, of itself, is a matter of importance 
in controlling clinker trouble. The con- 
trol of clinker growth by controlled distri- 
bution of air was made the subject of pat- 
ents by Evans 85 as long ago as 1913 and 
1914, but since then the basic ideas have 
been elaborated in many different embodi- 
ments. 

The matters considered in this section of 
the survey have been discussed by Bailey, 86 

85 Evans, O. B., U. S. Pat. 1,073,668 (1913). 
1,085,806 (1914). 

86 Bailey, E. G., Power , 34, 802 (1911). 
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Bement, 87 Bro, 8S Calder, 89 Corcoran, 90 
Glasgow, 91 Marsh, 92 and Rosin. 93 Rosin's 
paper contains a very detailed discussion 
of the technique of controlling the tempera- 
ture in particular portions of the fuel bed 
by the controlled supply of air and by 
causing radiation to cooler surfaces to oc- 
cur. The paper is well illustrated to show 
the application of the principles involved 
to particular types of combustion equip- 
ment. It merits careful reading by all stu- 
dents of clinkering problems. 

In certain types of equipment the failure 
of the ash to clinker may present problems 
as serious as the formation of large clinker. 
The Wood continuous gas producer re- 
ferred to above presents an example of this 
situation. In this gas producer the fuel 
rests on a bed of medium-sized clinker, and 
if the ash did not clinker operation of the 
producer would be impossible. Another il- 
lustration is the small domestic underfeed 
stoker which depends for ash disposal on 
the formation of clinker. The failure of 
some coals to form satisfactory clinker in 
such stokers has caused Sherman and 
Kaiser 94 to study the elect of addition 
agents to promote clinkering. That the 
production of clinker is not always a simple 
matter is demonstrated by the fact that 
Sherman and Kaiser concluded that borax 
and sodium silicate were the best materials 
to use for this purpose but that no addition 
agents changed the nature of the clinker 
very much and that their value would be 
mainly for unusual conditions. 

87 Bement, A., ibid., GS, 6S3-4 (1928). 

88 Bro, L., Chaleur et ind IS, 105-14, 175-82 
215-24 (1937). 

89 Calder, G., Steam Engr 2, 249-50 (193$). 

so Corcoran, J. L., Poicer, 75, 651-54 (1932). 

si Glasgow, A. G., Ger. Pat. 291,279 (1913). 

92 Marsh, T. A., Coal Age, 17, 903 (1920). 

93 Rosin, P. 0., Braunkohle, 30, 628-44 (1931). 

Sherman, R. A., and Kaiser, E. R., Bitumi- 
nous Coal Research, Inc., Information Butt. 1 
(1936), 10 pp. 


SLAGGING OF REFRACTORIES AND GRATE-BAR 
EROSION 

So far as slagging of refractories and 
grate-bar erosion are affected by the action 
of coal ash, the immediate cause of both 
sources of trouble is contact between the 
slag and a solid at temperatures high 
enough to permit the slag to wet the solid. 
It does not necessarily follow that, when- 
ever a molten slag is in contact with one 
or more solid phases, solution of some of 
the components of the solid will occur. If 
the slag is saturated with respect to all the 
solid phases present no solution will occur; 
in general, however, this will not be the 
situation. 

Probably the most thorough investiga- 
tion of the slagging of refractories is that 
of Sherman, 95 who stated concisely the fac- 
tors involved in the destruction of refrac- 
tories by coal-ash slags in all types of 
furnaces : 

1. Equilibrium conditions as given in 
phase-equilibrium diagrams for the compo- 
nents involved. 

2. The rate of reaction, which is a func- 
tion of: 

(a) Wetting of the refractory surface 
by the slag. 

( b ) Penetration of the refractory by 
the slag. 

(c) Velocity of flow of the slag as de- 
termined by its viscosity. 

(d) Diffusion of dissolved refractory 
away from the interface and of 
furnace gas through the interface. 

All the items under heading 2 are func- 
tions of the temperature. The wetting of 
the refractory surface is specifically a func- 
tion of the temperature of the interface. 
No matter how hot the slag may be, so 

95 Sherman, R. A., U. S. Bur. Mines , Bull. 334 
(1931), 144 pp. ; Fuel, 10, 400-19, 445-58, 488- 
500, 531-38 (1931), 11, 28-35, 67-76 (1932). 
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long as heat transfer from the interface 
serves to keep it at a sufficiently low tem- 
perature, solution of components of the re- 
fractory in the slag will not occur even 
though at some time, owing perhaps to 
contact of a large mass of very hot slag, 
the interface was hot enough to permit 
wetting by, and consequent adhesion of, 
the slag. If, after adhesion has occurred, 
the interface can be kept cold enough to 
prevent solution, possibly by taking ad- 
vantage of the thermal gradient through 
the layer of adhering slag, destruction of 
refractory will not occur. However, reac- 
tion can occur between solid phases at ele- 
vated temperatures even though the tem- 
perature is well below that of the lowest 
eutectic in the system. 

These considerations apply with equal 
force to the problem of grate-bar erosion 
and the adhesion of slag to tuyeres and 
other metal parts. These, in general, are 
more readily protected than refractories 
both because the solubility of metals in 
molten slag is much lower than that of re- 
fractories and because of their higher ther- 
mal conductivity. 

Since iron and steel are subject to oxi- 
dation, a grate bar periodically exposed to 
a molten slag, wdiich dissolves the oxide, 
may be slowly dissolved in the slag. In 
this connection, iron pyrites, because of its 
low viscosity and high specific gravity, 
flows readily and its insolubility in silicate 
melts permits it to behave as an individual 
component, particularly if it is present in 
the fuel in large lumps. Molten ferrous 
sulfide may dissolve as much as 15 percent 
of metallic iron owing to an eutectic at 
1,832° F. 93 

Regarding the utilization of the high 
thermal conductivity of metal parts, it has 
been demonstrated that, regardless of the 
temperature of the slag and of the environ- 
ment, so long as the surface of a metal 


plate could be kept below the temperature 
at which the angle of contact between a 
billet of the slag and the plate did not ex- 
ceed 90°, firm adhesion did not occur. 96 

Because the rate of solution of refractory 
components in a slag is a function of the 
area of refractory wetted by the slag, pene- 
tration of slag into pores of the refractory 
is a very serious matter. The total area of 
pores may readily be several hundred times 
as great as the apparent geometrical area 
through which the slag enters the pores. 
Consequently it has been found, as will ap- 
pear later, that very high-grade refrac- 
tories, as judged by composition and pyro- 
metric-cone equivalent, sometimes display 
less resistance to slag attack than lower- 
grade refractories simply because insuffi- 
cient glass phase is present to make the 
body dense and resistant to slag pene- 
tration. 

Properly speaking, there are only two 
procedures for investigating experimentally 
the action of slags on refractories: the mi- 
croscopic examination of the interface be- 
tween refractory and slag after a definite 
heat treatment, and empirical methods. 
Ferguson 97 reviewed in detail the litera- 

96 Unpublished investigation by E. P. Barrett 
and J. A. Taylor. A steel plate was made part 
of the muffle floor of a gas-fired muffle furnace. 
Provision was made for air cooling of the plate 
and for measuring the temperature of its upper 
surface by means of a thermocouple inserted into 
a hole drilled from the bottom to the top of the 
plate and terminating just below its upper sur- 
face. A slag biUet was placed on the plate and 
the furnace was heated, the temperature of the 
billet, the muffle walls, and the floor being ex- 
plored with an optical pyrometer. It was found 
that, so long as the rate of air supply to the 
bottom of the plate was rapid enough to keep 
its surface temperature, as measured by the 
thermocouple, below that at which the angle of 
contact between slag and metal exceeded 90°, 
adhesion did not occur, regardless of furnace 
temperature or the degree of deformation of the 
billet. Results were independent of the chemical 
composition of the slag. 

97 Ferguson, R. F., J. Am. Ceram . Soo., 11, 
90-8 (1928). 
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ture on laboratory methods for empirical 
study, and Simpson 95 lias classified all 
laboratory methods, Much of the work 
done relates to other than coal-ash slags, 
and most of the laboratory-scale empirical 
methods yield results in forms which pre- 
sent difficult problems of interpretation if 
they are to be applied to coal-ash slags 
under furnace conditions. Klinefelter and 
Rexiord ~ <s studied the phase equilibria in- 
volved and defined the '‘critical tempera- 
ture” as that at which the principal solid 
phase disappeared from the slag and above 
which rapid solution of the refractory could 
be expected ; Simpson 100 applied micro- 
scopic examination of the interface to a 
study of critical temperatures and slag 
attack for six coal-ash slags on eight re- 
fractories. Hursh and Grigsby 101 and 
Hursh 10 - utilized a cylindrical revolving 
furnace, in which slag was fed into a gas 
fame that impinged upon the brick, in an 
empirical study, and, more recently, Fettke 
and Stewart utilized a specially con- 
structed powdered-fuel furnace for a very 
thorough study of slag erosion of different 
types of refractories by the ashes of several 
western Pennsylvania coals. 

Simpson's procedure was to make a small 
crucible about pj> inch in diameter and 
3 i inch deep from a 1-inch cube of refrac- 
tory cut from a standard 9-inch brick. The 
crucible was filled with the previously sin- 
tered coal ash and suspended in an elec- 

93 Simpson, H. E., Hid., 15 , 536-44 (1932). 

99 Klinefelter, T. A., and Rexford, E. P., 
Trans. Am. Soc. Mesh. Engrs., 51, 347-8 (1929), 
53, 301-5 (1931). 

100 Simpson, H. E., J. Am. Ceram. Soc., 15, 
520—35 (1932). 

xoi Hursh, R. K., and Grigsby, C. E., Univ. Illi- 
nois , Eng. Expt. Sta. Circ. 17 (1928), 18 pp. 

102 Hursh, R. K., Trans. Am. Soc. Mech. 
Engrs., 51, 339-45 (1929), 53, 297-300 (1931). 

103 Fettke, C. R., and Stewart, W. E., Mining 
and Met. Investigations , Carnegie Inst. Tech., 
Mining and Met . Advisory Boards, Coop. Bull 
73 (1936). 84 pp. 


tricaliv heated furnace the temperature of 
which was automatically controlled within 
about 5° F. The crucibles were maintained 
at the desired temperature for 4 to 12 
hours and then quenched by dropping 
them in running water. They were broken 
in half, and a thin section of the slag-re- 
fractory interface was prepared for study 
under the petrographic microscope. 

Table X shows the composition and fu- 
sion characteristics of the coal ashes used 
by Simpson, and Table XI shows the maxi- 
mum safe operating temperatures for the 
various ashes with the eight refractories 
tested. 

Examination of Table XI shows that re- 
fractories fired to the higher temperatures 
resisted attack of the slags from the more 
refractory ashes (Detroit and Lowellville) 
better than the refractories fired to lower 
temperatures. For the moderately refrac- 
tory ashes (Cahokia and Nanticoke), re- 
fractories fired to cone 12 were more re- 
sistant than those fired only to cone 6 ; but, 
for the lower-fusing ashes (Peoria and Chi- 
cago), little, if any, greater resistance was 
exhibited by the refractories fired at cones 
12 and 14 than by those fired at cone 6. 

Table XI also shows that the probability 
of improving a refractory by very fine 
grinding of the raw materials is only about 
one-half, improved resistance to the Peoria, 
Nanticoke, and Detroit ashes being effected 
by very fine grinding but no such improve- 
ment occurring for the Cahokia, Chicago, 
and Lowellville ashes. 

It is interesting to note that a de fini te 
correlation exists between the method of 
manufacture of the refractories and their 
corrosion resistance, the stiff mud brick 
being superior to the hand-made and dry- 
press bricks. The two last types were 
identical except that the hand-made brick 
was slightly better as regarded the Peoria 
and the Detroit ashes. 
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TABLE X 

Composition and Fusion Characteristics of Simpson’s Coal Ashes 103 


Percentage Composition of Coal Ash 



Illinois 

Illinois 

Illinois 

Pa. Anthracite 

W. Va. Pa. Bituminous 

Coal Power Plant 

Peoria 

Chicago 

Cahokia 

Nantieoke 

Detroit 

Lowell ville 

SiOa 

41.9 

42.5 

52.6 

56.8 

49.9 

56.9 

AI2O3 

14.7 

16.3 

24.3 

24.0 

29.3 

28.4 

Fe 203 

20.3 

25.6 

13.7 

10.9 

11.0 

10.3 

CaO 

12.8 

6.6 

4.2 

4.3 

4.4 

1.3 

MgO 

0.8 

1.1 

1.1 

1.0 

0.9 

0.8 

S0 3 

7.5 

4.6 

1.7 

0.2 

1.5 

0.3 

P 2 O 5 

0.4 

0.3 

0.1 

0.1 

0.3 

0.2 

Alkalies (by difference) 

1.6 . 

3.0 

2.3 

2.7 

2.7 

1.8 


100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Si 02 /Al 203 ratio 

2.85 

2.61 

2.16 

2.37 

1.70 

2.01 


Cone-Fusion Tests of Coal Ash 

Fusion Range, °F 




Critical Points, 

°F 

Start to 

Down Point 

Start to 


Initial 

Softening 

Fluid 

Down Point 

to Fluid 

Fluid or 

Coal 

Deforma 

Tempera- 

Tempera- 

or “Softening 

or “'Flowing 

‘“'Total Fusion 

Ash 

tion 

ture 

ture 

Interval” 

Interval” 

Interval” 

Peoria 

970 

2,020 

2,360 

50 

340 

390 

Chicago 

990 

2,060 

2,400 

70 

340 

410 

Cahokia 

100 

2,160 

500 

60 

340 

400 

Nantieoke 

250 

2,290 

560 

40 

270 

310 

Detroit 

240 

2,350 

620 

110 

270 

380 

Lowell ville 

2,360 

2,470 

2,750 

110 

280 

390 


The quantities in parentheses in Table 
XI are not part of the original table but 
were inserted by the writer. The quanti- 
ties under the names of the ashes are the 
A.S.T.M. fluid temperatures of the corre- 
sponding ashes as shown in Table X. 
Those under the maximum safe operating 
temperatures are the number of Fahrenheit 
degrees by which the fluid temperature of 
the ash fails to fall within the critical range 
for the ash-refractory combinations as 
found by Simpson. Inclusion of these 
quantities shows directly a correlation be- 
tween fluid temperature of the ash and the 
critical range which Simpson has not ex- 
plicitly mentioned. 


Examination of these quantities shows a 
definite trend. The fluid temperatures of 
the least refractory ashes (Peoria and Chi- 
cago) were generally lower than the lower 
limit of the critical range. Generally, where 
this was not so, the fluid temperatures 
lay at the lower limit, and the only excep- 
tion fell within the range. The fluid tem- 
peratures of the ashes of intermediate re- 
fractoriness (Cahokia and Nantieoke) were 
generally within the critical range or where 
this was not so the fluid temperature ex- 
ceeded the upper limit of the critical range. 
The one exception to this generalization 
was out of line with the general trend. 
The fluid temperatures of the most refrao- 
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TABLE XI 

Maximum Safe Operating Temperatures of Ash and Refractory Combinations (°F) 10l > 


Ash 


Refractory 

Peoria 

(2,360) 

Chicago 

(2,400; 

Cahokia 

(2,500) 

Nanticoke 

(2,560) 

Detroit 

(2,620) 

Lowellville 

(2,750) 

ST I 

Dist. X 

Dry press 

Fine grind 

Cone 8 

2,300-2,375 

2,400-2,600 

2,400-2,450 

(+50) 

2,400-2,550 

(+10) 

2,500-2,600 

(+20) 

2,600-2,700 

(+50) 

8T2 

Dist.. X 

Dry press 

Fine grind 

Cone 12 

2,400-2,450 

(-40) 

2,500-2,600 

(-100) 

2,400-2,500 

2,500-2,600 

2,400-2,600 

(+20) 

2,600-2,700 

(+50) 

ST 3 

Dist. 1 

Dry press 

Fine grind 

Cone 14 

2,450-2,500 

(—90) 

2,500-2,600 

(-100) 

2,500-2,600 

2,500-2,600 

2,500-2,600 

(+20) 

2,600-2,700 

(+50) 

ST 4 

Dist. 1 

Dry press 

Very Sne grind 
Cone 12 

2 , 500—2 . ooO 
(-140) 

2,500-2,600 

(-100) 

2,400-2,500 

2,500-2,700 

2,600-2,700 

2,600-2,700 

(+50) 

ST 5 

Dist. I 

Stiff mud 

Fine grind 

Cone 12 

2,400-2,600 

(—40) 

2,500-2,700 

(-100) 

2 , 500-2 , 600 

2,600-2,700 

(-40) 

2,600-2,750 

2,700-2,800 

STS 

Dist. 1 

Hand made 

Fine grind 

Cone 12 

2,400-2,500 

(-40) 

2 , 500-2 , 600 
(-100) 

2,400-2,500 

2,500-2,600 

2,500-2,600 

(+20) 

2,600-2,700 

(+50) 

ST 7 

Dist. 2 

Dry press 

Fine grind 

Cone 12 

2,400-2,500 

(-40) 

2,400-2,500 

2,500-2,600 

2,450-2,550 

(+10) 

2,500-2,600 

(+20) 

2,550-2,650 

(+100) 

ST 8 

Dist. 3 

Dry press 

Fine grind 

2,400-2,500 

(-40) 

2,400-2,600 

2,500-2,600 

2,400-2,600 

2,500-2,600 

(+20) 

2,600-2,700 

(+50) 


Cone 12 


tory ashes (Detroit and Lowellville) were 
generally higher than the upper limit of 
the critical range, and when this was not 
true the fluid temperatures fell within the 
critical range. 

It would seem that these observations 


might be made the basis of a set of em- 
pirical rules for preventing damage to fire- 
clay refractories by coal-ash slags some- 
what as follows: 

1. If the fluid temperature of the ash is 
below 2,400° F the temperature of the 
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slag-refractory interface should not be al- 
lowed to exceed a temperature 150 to 200 
Fahrenheit degrees below the fluid tem- 
perature of the ash. 

2. If the fluid temperature of the ash lies 
between 2,400 and 2,600° F the tempera- 
ture of the slag-refractory interface should 
not be allowed to exceed a temperature 50 
to 100 degrees below the fluid temperature 
of the ash. 

3. If the fluid temperature of the ash is 
higher than 2,600° F the temperature of 
the slag-refractory interface should not be 
allowed to exceed a temperature zero to 50 
degrees below the fluid temperature of the 
ash. 

It is interesting that the slag-refractory 
interface of the least refractory ashes may 
be heated 40 to 140 degrees above the fluid 
temperature of the ash before rapid solu- 
tion of refractory begins whereas the fluid 
temperature of the most refractory ashes 
may lie as much as 100 degrees above the 
upper limit of the critical range. However, 
the circumstances appear merely to reflect 
the familiar rapid increase in reaction ve- 
locity with rising temperature. 

As previously stated, Hursh 102 and 
Hursh and Grigsby 101 used a rotating fur- 
nace. They found (1) that the relative ac- 
tion of different slags at 2,900° F was a 
function of the composition and fusibility 
of the ash; (2) that the rate of erosion in- 
creased with decreasing furnace tempera- 
ture and with increasing furnace tempera- 
ture; (3) that the effect of changes in the 
reducing potential of the environment was 
small; (4) that the large thermal gradient 
resulting from the use of refractories of 
high thermal conductivity diminished slag 
attack on such refractories; (5) that ma- 
terials of low refractoriness or those fired 
at high temperatures showed reduced re- 
sistance to slag attack due to diffusion of 
slag into the glass phase of the refractory; 


(6) that the composition and structure of 
the refractor}' should be such that it will 
develop an impervious layer with a mini- 
mum of glass at the slag-refractory inter- 
face, for, if some vitrification of the refrac- 
tory does not occur at furnace tempera- 
tures, slag penetration results; (7) that 
high-alumina bricks are superior to fireclay 
when the slag is low in lime and high in 
iron, but when lime is high, fireclay is su- 
perior; and (8) that the order of resist- 
ance of fireclay refractories to slag attack 
is the same as that of their densities. They 
concluded that the rotating-furnace test 
method gave results comparable to those of 
boiler furnaces operated at the same tem- 
perature. 

Instead of the rotating furnace of Hursh 
and Grigsby, Fettke and Stewart 103 used a 
cylindrical furnace made of arch brick and 
fitted with a specially constructed rotating 
burner which gave a flame shaped like the 
frustum of a hollow cone. A “Coal Jet” 
pulverized-coal feeder supplied fuel and 
primary air to the burner. Secondary air 
W'as furnished by a “Premix” blower. In 
each test sufficient coal to give 500 pounds 
of ash was burned, after which the tem- 
perature of the test was maintained for 4 
hours by using gas in the Premix in order 
to drain off excess slag from the surface of 
the refractories. The furnace was then al- 
lowed to cool at a rate of 50 to 100° F per 
hour to 1,000° F, after which the burner 
was shut off and the furnace allowed to 
cool to room temperature. 

The erosion loss was measured in two 
ways. The volume before and after testing 
was measured by means of a mercury bal- 
ance, and the volume before and after test- 
ing was calculated from direct linear and 
angle measurements made with a scale 
graduated to hundredths of an inch and a 
contact goniometer. 

Fettke and Stewart found that the re- 
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sistance of different types of refractories 
varied with composition, the different 
types increasing in resistance in the order: 
forsterite, silica, chromite, magnesia, high- 
heat-duty flint fireclay, super fireclay, in- 
termediate mullite, high alumina (diaspore 
type), high alumina (electrically fused 
type), high mullite . (bonded type), cast 
mullite, silicon carbide. The erosion of re- 
fractories by coal ash was shown to be de- 
pendent on ash composition and related to 
ash-softening temperature to the extent 
that no erosion occurred until the tempera- 
ture of the refractory face exceeded the 
softening temperature. They confirmed 
the previous observations of a “critical 
range” and noted that it corresponded to 
the temperature at which interfacial ten- 
sion became low enough for wetting to oc- 
cur. At this stage the solid phases of the 
coal ash had dissolved in the liquid phase, 
leaving it unsaturated with respect to some 
of the components of the refractory. The 
rate of slag attack was found to be propor- 
tional to increases in temperature above 
the critical temperature, and, in alumino- 
silicate refractories, a change in the tem- 
perature coefficient of erosion was noted 
above 2.7GG 5 F. This was ascribed to a 
lowering of the 2,SI3" F solidus line of the 
alumina-silica equilibrium diagram to about 
2,7 10 c F by the iron in the slag, in conse- 
quence of which a change to mullite and 
liquid occurs above this temperature with 
a weakening of structure and solution of 
the mullite by the liquid. 

The tests indicated that the mechanism 
of slag attack on refractories is, primarily, 
one of solution. The rate of diffusion did 
not appear to be a governing factor. How- 
ever, diffusion should be considered if no 
flame impingement occurs and the slag is 
relatively stagnant. Iron oxide was shown 
to be responsible for more damage than 
any other single component of the ash. 


More recently Fehling 104 has made a 
very elaborate mathematical analysis of 
the problem, resulting in the relationship 


€ 


Const. 


St 



,BA 

*w , 1 


( 1 ) 


in which € = the rate of erosion perpendicu- 
lar to the surface of the w r all in 
centimeters per second. 

St = the solubility of the refractory 
in the slag in grams per gram. 

rj = the viscosity of the slag in 
poises. 

T — the absolute temperature. 

r — the molecular radius. 

a = the angle of inclination of the 
wall. 

I = the length of the wall in the 
direction of flow of the slag in 
centimeters. 

6 = the fraction of the total ash or 
slag released which impinges 
upon the wall. 

B - the loading of the combustion 
chamber or furnace in calories 
per cubic centimeter. 

A = the ash content of the coal in 
grams per gram. 

/ = the ratio of furnace area to 
furnace volume in square centi- 
meters per cubic centimeter. 

Hi = the net calorific value of the 
coal in calories per gram. 

y = the specific gravity of the slag 
in grams per cubic centimeter. 

To test his equation Fehling utilized the 
data of Fettke and Stewart 103 and, since 
their furnace was always the same, was 
able to simplify equation 1 to the form 


St 

e = Const. ~ (2) 

104 Fehling, H. R., J. Inst. Fuel , 11, 451-58 
(1938). 
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Figure 22 compares the measured erosion 
rates with rates computed from equation 2. 
Because of variability in the refractory it- 
self, Fettke and Stewart found it impossible 
to reduce the variability in check runs to 
less than ±50 percent. Therefore dotted 
lines showing a 50 percent spread are in- 
cluded in the figure. It will be noted that 
the points fall, substantially, within the 
triangle defined by these lines, and it may 
be said, therefore, that Fehling’s equation 
describes the results within the limits of 
experimental error. The failure of the 
average line to pass through the origin is 
explained by Fehling by pointing out that 
when the furnace temperature is less than 
50 Centigrade degrees above the ash-sof- 
tening temperature, which it generally is 
for small values of erosion rate, the surface 
tension of the slag is too high to permit it 
to form a coherent film. 

In view of all the difficulties in the way 
of developing a satisfactory equation the 
data support the theory remarkably well. 
The most serious defect in the assump- 
tions is the failure to take into account the 
porosity of the refractory, but there seems 
to be no way to take account of it ana- 
lytically. It appears that by means of 
Fehling’s method an estimate of the rela- 
tive slagging action of various ashes may 
be derived without recourse to expensive 
experimental investigations. 

It is apparent that, although Fehling’s 
equation involves twelve variables, two are 
of outstanding importance, solubility and 
viscosity. Both are functions of tempera- 
ture, which brings us back to the basic 
problem of controlling temperature in par- 
ticular regions of the furnace, in this in- 
stance the interface between slag and re- 
fractory. 

It seems hardly necessary to discuss the 
implications of the information summarized 
in this section of the survey for practical 


operation. The problem is clearly one of 
controlling the temperature at an interface. 
Controlled distribution of air, the use of 
which in the prevention of clinker growth 
was stressed in the preceding section, is one 
general means of limiting erosion. This 
means is utilized in some underfeed stokers, 



Fig. 22. Comparison of measured and com- 
puted erosions. 10 * 

for example, by hating ports in the side- 
wall refractories, in the vicinity of the hot- 
test regions, through which air is blown to 
function both for cooling the refractory 
surface and as secondary air. Water- 
cooled refractories or water-cooled metal 
walls offer alternative solutions. The par- 
ticular means chosen will depend on me- 
chanical rather than physicochemical con- 
siderations. 

SLAGGING OF HEATING SURFACES BY FLY ASH 

The theoretical considerations involved 
in the problem of tube slagging are sub- 
stantially the same as those determining 
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adhesion to grate bars and tuyeres, which 
were considered in the preceding section. 
However, because the physical properties 
of the slag are a function of its chemical 
composition and because, in the fly ash, 
segregation of ash components occurs to a 
very marked extent, the slagging of tubes 
and other heating surfaces is not related to 
the average composition of the ash in the 
same way as is the slagging of grates and 
tuyeres. 

So long as the ash-forming minerals re- 
main in the fuel bed the composition of the 
slag formed bears some relationship to the 
average composition of the ash, provided, 
of course, that the coal has received a rea- 
sonable amount of preparation calculated 
to eliminate large mineral aggregates such 
as pieces of slate, shale, and iron pyrites. 
Consequently the molten slag produced and 
remaining in the fuel bed has properties re- 
lated, within limits, to the average compo- 
sition of the ash. The ash which is carried 
out of the fuel bed, however, does not have 
he same composition as that of the aver- 
age ash, and, even if it did, it is not to be 
supposed that its behavior on reaching a 
heating surface would be that predicted 
from its average composition. 

If a mechanical mixture were prepared 
by fine grinding and intimate mixing of the 
slag components, the first liquid phase that 
would appear on heating the mixture would 
have the composition and properties of the 
lowest-melting eutectic in the system. If, 
as fast as liquid of eutectic composition 
formed, it was removed by mechanical 
means from the system, it would yield a 
slag quite different in properties from those 
which would be predicted from the aver- 
age composition of the mixture of solid 
phases from which it formed. In a fuel 
bed, of course, such an ideal condition of 
fine subdivision and intimate mixture does 
not exist. Consequently there will be a 


tendency for low-melting components to 
fuse independently, and, if they do not 
form solutions with other components be- 
fore being caught by the stream of com- 
bustion gases, they may be carried out of 
the fuel bed as individual droplets of 
fairly pure chemical compounds. Likewise, 
higher-fusing components which happen to 
be liberated from the burning fuel out of 
contact with lower-melting components in 
which they might dissolve may be carried 
out of the fuel bed as fairly pure chemical 
entities without being fused. 

The net effect of all these mechanisms is 
to bombard the tubes with a mixture of 
molten slag and unfused or only sintered 
ash in which the liquid phase, in general, 
will be much lower melting than would be 
expected from the average composition of 
the ash. However, so long as the interfa- 
cial temperature between the heating sur- 
face and the molten droplets striking it 
does not lower the interfacial tension to the 
point where wetting will occur, no adhesion 
can result; but in a large boiler furnace, 
where the tubes may be subjected to a veri- 
table rain of low-fusing slag droplets, it is 
not surprising that adhesion occurs in spite 
of the cooling of the interface by the high 
thermal conductivity of the metal. It is 
only necessary for an infinitesimally thin 
layer of the tube to reach the temperature 
of wetting to permit adhesion of slag, and, 
once a layer of slag has formed, growth in 
thickness of the layer is inevitable. The 
slag has a low thermal conductivity, and 
successive droplets progressively raise the 
temperature of the surface exposed to the 
combustion gases. Once the layer is thick 
enough to remain sticky, even the unfused 
material striking it can adhere, and growth 
proceeds rapidly. 

Because iron pyrites is the source of the 
lowest-melting compound in ash-forming 
minerals in most coals and because fayalite 
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(ferrous orthosilicate) forms a low-melting 
eutectic with silica it would be anticipated 
that the first layer of slag laid down on a 
heating surface would be a mixture of fer- 
rous sulfide and fayalite. Oxidation and 
solution of other ash components would re- 
sult in the formation of a layer of glassy 
slag, and, while the slag was sticky, con- 
siderable quantities of unfused or partly 
fused material would be trapped and held. 

Experimental verification of the forego- 
ing considerations has been obtained by 
Moody and Langan. 72 They took samples 
of slag from the water wall fin tubes of a 
Springfield cross-drum boiler under which 
had been burning a Pennsylvania coal the 
ash of which had a softening temperature 
of about 2,700° F. The inner portion of 
the slag adjacent to the tube was not com- 
pletely fused; it consisted of a honey- 
combed, sintered mass with spots of what 
appeared to them to be pure ferric oxide. 
The center portion appeared to be black 
glassy slag which had been completely 
fused, and the outer layer was an unfused 
conglomerate of ash adhering to the glassy 
interior. 

Moody and Langan analyzed representa- 
tive samples of the three layers of the slag 
and measured initial deformation and sof- 
tening temperatures with the results shown 
in Table XII. 

That such large differences between the 
softening temperature of the original ash 
and that of the tube slag are not excep- 
tional is demonstrated by the data of Ja- 
cobus and Bailey, 105 who showed that, in 
general, the softening temperature of flue 
dust is higher and that of tube slag mark- 
edly lower than that of the original ash. 

Moody and Langan pointed out that the 
composition and properties of the ash and 
slag carried out of the fuel bed depend 

105 Jacobus, D. S., and Bailey, E. G., Proc. 2nd 
Intern. Oonf. Bituminous Coal , 2, 241-75 (1928). 
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TABLE XII 

Analyses of Slag Samples Removed from 
Springfield Boiler Using a Pennsylvania 
Coal 72 



Next to 

Fused 

■ Outer 

Item 

Tube 

Center 

Section 


percent 

percent- 

percent 

Si0 2 

41.7 

45. 3 

51.5 

AloOa 

30.9 

32.5 

29.0 

Fe 2 0 3 

19.5 

15.3 

12.9 

CaO 

S.7 

7.7 

4.0 

MgO 

Trace 

Trace 

Trace 

Total 

100. S 

100.8 

97.4 

Initial deforma- 




tion tempera- 
ture (°F) 

2,165 

2,200 

2,320 

Softening tem- 




perature (°F) 

2,200 

2.230 

2,395 


upon the relative amounts of inherent and 
extraneous ash in the original coal and the 
distribution of the fluxes, lime and iron, 
between the inherent and extraneous ash. 
They believed that if the larger proportion 
of these fluxes are concentrated in the ex- 
traneous ash then, since the extraneous ash 
is in a coarse state of aggregation compared 
to the inherent ash, the fluxes will tend to 
remain in the fuel bed and the more finely 
divided refractory ash will tend to be car- 
ried out, -with the result that the ash re- 
maining in the fuel bed will be more fusible 
than the average ash of the coal. 

They described two methods of frac- 
tionating the ash of a coal to estimate its 
behavior in this respect: one a liquid clas- 
sification method, the other a method of 
screening the ash. Both methods divided 
the ash into size ranges, and softening tem- 
peratures of each size range w T ere deter- 
mined. 106 If the coarse sizes showed lower 
softening temperatures, the fusibility of the 
ash remaining in the fuel bed would be ex- 

ioe Cf. method and results of Gould and Brun- 
jes, ref. 75. 
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pected to be markedly lower than that of 
the average ash and, presumably, elinker- 
ing in the fuel bed would be aggravated 
while tube slagging would be minimized. 
If the reverse condition were true and the 
fine sizes showed low fusibility, fluxes 
would be preferentially removed from the 
fuel bed with a tendency to increased tube 
slagging and diminished clinkering in the 
beef 

No correlation of these conclusions with 
actual experience has been published, and 
to accept them in the absence of such con- 
firmation may be questionable. It appears 
that, if the fluxes were segregated so as to 
produce a considerable quantity of low- 
fusing slag which tended to drain away be- 
fore opportunity for solution of more re- 
fractory material was afforded, globules of 
this low-fusing material might well be 
caught in the stream of combustion gases 
between fuel particles, where the velocity 
would be very high, and be carried out of 
the bed. If, on the other hand, the fluxes 
were finely divided and intimately mixed 
with the refractory constituents they would 
not have the opportunity of forming a fluid 
slag at so low a temperature and of being 
carried out of the fuel bed as an upward 
rain of slag droplets but would remain to 
flux the refractory ash components and to 
cause clinker trouble later on. 

What actually happens in any particular 
furnace would appear to depend as much 
on the equipment, the firing practice, and 
the coking properties of the coal as on the 
particle size and distribution of the fluxes. 
However, studies of the sort made by 
Moody and Langan may prove to be very- 
valuable if checked against operating ex- 
perience. 

The foregoing remarks were concerned, 
primarily, with the problems which arise in 
stoker-fired furnaces. The trend at pres- 
ent in large installations is definitely away 


from stoker firing and toward pulverized- 
fuel firing. In such equipment the rate of 
ash release is enormous and the bulk of the 
ash is liberated in the fused condition, al- 
though some crystalline material is also 
released. 

Excellent illustrations of the trend of 
furnace design to meet the severe slagging 
conditions encountered with this type of 
combustion were given in a paper by Bai- 
ley . 107 A primary furnace separated by' a 
slag screen from a secondary furnace, which 
contains the boiler tubes, was shown. Much 
of the slag was caught by the slag screen 
and dripped back into the primary furnace. 
Bailey showed that the initial deformation, 
softening, and fluid temperatures of slag 
in different parts of the furnace did not 
correspond to the values found for average 
ash samples as determined in the labora- 
tory. Segregation took place, the denser 
ash accumulating at the bottom; the less 
dense, and generally more refractory, ash 
at the top. Since water-cooled walls were 
used in these furnaces the problem was to 
maintain temperatures high enough so that 
only a thin lay’er of slag accumulated on 
them, the bulk of the slag draining to the 
bottom, where it was tapped. Since the 
slag must not become sticky in the course 
of draining down the walls, ashes with a 
long fusion range were undesirable. The 
ideal ash was one that melted sharply so 
that in cooling the transition from a very 
fluid state to a dry’ solid occurred in a short 
temperature interval. 

The study of slag flow in furnaces of this 
type has been facilitated by means of the 
motion-picture camera and Kodachrome 
film. It appears that this and other tech- 
niques require to be developed further so 
that the equilibrium conditions for surfaces 
covered with molten slag can be estab- 

107 Bailey, E. G., Trans . Am. 8oc. Mech. Engrs., 
61 , 561-76 ( 1939 ). 
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lished; with a better understanding of the 
conditions necessary to maintain a thin, 
evenly flowing film, it will become possible 
to utilize a wider range of coals in installa- 
tions of this sort. 

It is noteworthy that Bailey retained 
the conventional terminology, referring to 
ashes that melt sharply or within a narrow 
temperature range, although he obviously 
was thinking of a slag that freezes sharply 
and has a low viscosity over most of the 
temperature range within which it is, ap- 
preciably, molten. It might be more de- 
sirable, from the viewpoint of avoiding any 
possible confusion in thought, to state ex- 
plicitly that it is the behavior of a molten 
slag, both when fluid and on cooling, which 
is involved. 

It appears that the flow curves of slags, 
described earlier in this survey as a method 
of test, would provide more useful and de- 
tailed information than the softening range 
determined by the A.S.T.M. standard 
method, even when it is applied to the 
slag rather than the ash. However, it 
would be necessary to take into account 
the compositional changes occurring in the 
furnace as the result of the segregation of 
ash components. It will be recalled that, 
in the discussion of flow curves, the com- 
position of the ash was shown to have an 
effect on the viscosity of the resulting slag, 
on the temperature coefficient of viscosity 
of this slag, and on its devitrification range. 
In view of the fact that rather small 
changes in composition have a pronounced 
effect upon the behavior of the slag it 
seems that the application of the procedure 
to synthetic mixtures within the composi- 
tion range of coal ashes might make it pos- 
sible to predict, with some assurance, the 
behavior of particular ashes in pulverized- 
fuel furnaces. Likewise the data of Nich- 
olls and Reid 81 should be of value in pre- 
dicting the type of flow to be anticipated 


provided that data on slag composition 
were available. 

THE PROBLEM OF SULFUR AND THE EFFECTS 
OF ADDING INORGANIC CHEMICALS 

The effects of composition of the ash on 
its fusibility and on the properties of the 
slag produced by its fusion have been con- 
sidered in some detail, and the magnitudes 
of these effects should be kept in mind in 
reading this section as criteria of what may 
be expected if the composition of the ash 
is changed by the addition of inorganic 
substances to the coal before it is fired. It 
should also be remembered that to add an 
inorganic substance to the coal by suspend- 
ing or dissolving it in water or oil, the two 
media commonly used for the purpose, and 
spraying it on the coal provides no assur- 
ance that all, or even a large part, of such 
added substance will remain in the fuel bed 
to influence the behavior of the ash. 

Substances added in considerable pro- 
portions, say from 1 to 20 percent of the 
ash of the coal, can be expected to influ- 
ence the behavior of the ash to an appre- 
ciable extent provided that they, or sub- 
stances formed from them in the fuel bed, 
are capable of solution in silicate melts and 
that they remain in the fuel bed for suffi- 
cient time to be dissolved. If they are 
carried out of the fuel bed they may be 
expected to influence slag formation on 
heating surfaces. When, however, the 
amount of material added is less than 1 
percent of the ash present its effect on the 
fusion of the ash and the properties of the 
slag will be very small. It is frequently 
claimed for proprietary mixtures contain- 
ing components winch do not dissolve in 
silicate melts and which are added in very 
small amounts that they act as catalysts, 
although, in general, what reaction is being 
catalyzed is not made clear. It is impor- 
tant to remember that if a catalyst is to 
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affect the velocity of reaction between two 
substances it is necessary for both react- 
ants and the catalyst to be in physical con- 
tact with each other and to consider how 
small is the probability that this condition 
can exist when the presumptive catalyst is 
applied to the coal in the ratio of 1 or 2 
or even 10 or 20 pounds per ton. 

Many of the “treatments” which claim 
to eliminate or, at least, to mitigate clinker 
trouble are so inextricably entangled with 
misconceptions about the role of sulfur in 
clinker formation that it seems advisable 
to treat the two topics simultaneously. 

Sulfur occurs in coal as a constituent of 
the organic matter, of sulfates (principally 
as gypsum), and of iron pyrites and mar- 
casite. Because, for many coals, the prin- 
cipal source of sulfur is the pyritie one, 
and because, in general, increases in iron 
content effect a lowering in the softening 
temperature, there was, for a time, a tend- 
ency to associate sulfur with clinkering 
trouble. Barkley 10S pointed out that there 
should be no close correlation between 
clinker trouble and sulfur content. 

Iron pyrites on heating decomposes into 
ferrous sulfide and sulfur. The sulfur vapor 
released is oxidized to sulfur dioxide or, if 
catalytic substances are present, to the tri- 
oxide. Trifonow 109 has shown that the 
dioxide will react with calcium oxide, if 
present, to form calcium sulfite, which at 
temperatures above 650° C is decomposed 
to give calcium sulfate and calcium sul- 
fide. Between 650 and 850° both the sul- 
fate and the sulfide are stable but any of 
the following reactions may occur: 

CaS0 4 + 3C -> CaS + C0 2 + 2CO 
CaS + 20s CaS0 4 

CaS + 2S0 2 CaS0 4 + 2S 

108 Barkley, J. F., U. S. Bur. Mines , Tech. 
Paper 436 (1928), 7 pp. 

10# Trifonow, I., Brennstofi-Chem., 13, 328-9 


Above 850° C the sulfate and sulfide will 
react with each other to give the oxides: 

3CaS0 4 + CaS -> 4CaO - 

At fuel-bed temperatures the end prod- 
ucts are calcium oxide and oxides of sul- 
fur, provided that sufficient air is available. 

Foerster and Landgraf 110 have shown 
that the trioxide can react with calcium 
silicate according to the equation 

CaSi0 3 + S0 3 CaS0 4 + Si0 2 

Since calcium sulfate does not dissolve in 
silicate melts, any sulfur which remains as 
calcium sulfate during the combustion of 
the coal functions to prevent the fluxing 
action of the equivalent calcium oxide with 
which it is combined and, to this extent, 
acts as a deterrent to clinker formation, 
but it will be seen that this effect will be 
small because the bulk of the calcium sul- 
fate will be decomposed during the com- 
bustion process. 

The ferrous sulfide w T hich remains from 
the decomposition of the original pyrites 
may be oxidized to the sulfate, but the 
bulk of it actually goes to ferrous or ferric 
oxide and oxides of sulfur. If this oxida- 
tion could be prevented a great deal of 
the clinkering trouble associated with coals 
containing large amounts of pyritie iron 
could be avoided. This is so because, as 
long as the iron remains as the sulfide, it 
cannot act as a flux on the refractory ash 
components present. However, as soon as 
oxidation to ferrous oxide occurs, fluxing 
of the kaolin and silica begins. 

If the ferrous sulfide remained as such 
it would give very little trouble because, 
being a pure compound, it would melt 
sharply to form a liquid of low viscosity 

(1932) ; Ann. univ. Sofia, II, Faculti phys.-math., 
29, 195-9 (1933). 

no Foerster, F., and Landgraf, A., J. pralct. 
ahem., 134, 1-50 (1932 II). 
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and high density, insoluble in the silicates 
present, and would flow quickly down 
through the fuel bed in small aggregates, 
giving no trouble. Unfortunately oxidation 
to ferrous oxide generally occurs, and the 
attendant evils of a viscous, slowly flowing 
slag manifest themselves. 

These remarks regarding the behavior of 
pyrites should not be construed as meaning 
that ferrous sulfide never causes trouble 
by clinkering on grates. If large pieces of 
pyrites are present and the conditions are 
such that molten ferrous sulfide is cooled 
in the vicinity of the grate it may adhere 
to the grate and prevent the passage of 
air through it. If the quantity of pyrites 
is large, serious erosion of the grates may 
occur owing to solution of iron from the 
grate in the molten sulfide. However, coal 
from a modern preparation plant would 
be unlikely to contain large amounts of 
pyrites and certainly not large pieces of 
this mineral. Coals which contain a large 
proportion of pyrites undoubtedly cause 
trouble in hand-fired installations ; they can 
be burned successfully in powdered-fuel 
furnaces with water-cooled walls. 

These statements may appear rather 
heretical to those holding the view that fer- 
rous sulfide, as such, melts in the furnace 
to give a viscous troublesome slag, but the 
following quotation from a paper by Thies- 
sen, Ball, and Grotts 68 show T s that experi- 
mental confirmation of the remarks has 
been obtained. 

Iron sulfide is reported to have a melting 
point of 2,187° F (1,197° C). Since it is a 
pure compound it was expected to have a 
sharp melting point and not to exhibit a 
gluelike viscosity. It was found experiment- 
ally that iron sulfide did have such a sharp 
melting point and that it formed a very fluid 
liquid, giving the general impression of mer- 
cury. Iron sulfide was found to be incom- 
patible with viscous fused compositions in the 
range of coal-ash compositions. Oxide mix- 


tures corresponding to a coal-ash analysis 
were made up and fused in a clay crucible 
and heated in an induction furnace. Iron 
sulfide was introduced either in the cold melt 
or into the viscous mass, and the viscous mass 
(2,192° F or 1,200® C) was stirred with a 
graphite or sillimanite rod. Portions of the 
melt removed on the end of the rod and 
cooled showed, on chemical test, that the iron 
sulfide was distributed in discrete particles 
throughout the mass. L T pon pouring the melt 
from the crucible, the movement of the vis- 
cous silicate melt released to the surface glo- 
bules of fluid iron sulfide which dropped out 
to an accompanying shower of sparks. That 
the globules were iron sulfide and not iron 
was proved by chemical test. The molten 
iron sulfide played no part in forming the 
viscous mass but was itself enclosed in it. 
The occurrence of iron sulfide in discrete par- 
ticles was also found in the case of clinker 
or rather slag, resulting from the combustion 
of a low-grade, high-pyrite midwestern coal 
on underfeed stokers. This slag enclosed 
pieces of coke but was otherwise rather 
homogeneous in appearance except for ex- 
posed comers or protrusions which were vit- 
reous. Analysis showed these vitreous por- 
tions to have the same composition as the 
remainder of the slag and, therefore, to have 
resulted from rapid cooling. This slag con- 
tained, roughly, 025 percent sulfide sulfur 
and 40 percent iron oxide. In general, the 
slag was very dark gray and microcrystalline. 
The application of hydrochloric acid to a 
freshly broken face resulted in the liberation 
of hydrogen sulfide from points or, rather, 
very small areas. Gas evolution from the 
points ceased after a short time. Further ex- 
posure of fresh surfaces exposed new sulfide 
particles. The total sulfide sulfur content of 
the slag is remarkably low compared to the 
iron oxide content, the origin of which is 
largely iron pyrite. The writers hold unten- 
able the view that iron sulfide, derived from 
pyrite, is an important factor in clinker or 
honeycomb formation; but rather that the 
influence of iron pyrites in coal on clinkering 
is due to the localized increase in iron oxide 
resulting from its oxidation. 

The foregoing appears to indicate that 
the attempts to improve the clinkering 
characteristics of coal ash by the removal 
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of pvritic sulfur are based on a viewpoint 
which overrates the deleterious effects of 
ferrous sulfide ; however, it should be noted 
that ferrous sulfide carried out of the fuel 
bed in the form of fused droplets by the 
stream of combustion gases will adhere 
more readily to heating surfaces and fur- 
nace walls than ferrous oxide, which melts 
at 2,516° F whereas ferrous sulfide melts 
below 2/200° F. 

The most extensive investigation of the 
effect of inorganic chemicals on the burning 
of solid fuels is that made at the Pitts- 
burgh Experiment Station of the United 
States Bureau of Alines, where data on the 
effect of single substances added to the coal 
were accumulated over a period of many 
years. 111 These investigators summed up 
their experiences in the matter of sulfur as 
follows : 

The only data obtained on sulfur were the 
amounts retained in the clinker and the ash 
of the residues from the burnings; the sulfur 
not thus accounted for 'passed out with the 
gases or fly ash. The amount of sulfur in all 
clinkers was small, ranging from 1 to 5 per- 
cent of the total sulfur in the fuel; it was in 
sulfide form, indicating that particles of sul- 
fide had been buried in the molten slag 
before they could oxidize. The treatments 
did not affect the quantity in the slags except 
that it was slightly greater with heavy treat- 
ments of lime, but such increase was not 
more than 3 percent of the sulfur in the fuel. 

Any action of practical importance is more 
likely to be associated with the deposition of 
chemicals on the cooler surfaces beyond the 
furnace and their interaction with the sulfur 
gases. 

In discussing the effects of the various 
treatments on clinkering in general these 
authors pointed out that very little, if 
any, benefit is to be expected. If sub- 
stances which raised the softening tempera- 
ture were added, the increase in the total 

in Nicholla, F„ Rice, W. E., Landry, B. A., 
and Reid, W. T., U. S. Bur. Mines y Bull. 404 
11937), 158 pp. 


amount of clinker formed offset any ad- 
vantage gained, but it was pointed out 
that, with low’-ash coals, the addition of 
refractory material might be of advantage 
when the softening temperature is low be- 
cause such coals give trouble due to in- 
sufficient ash to protect the grates from 
burning and to prevent filling the grate 
openings with slag. In domestic furnaces 
operated at low’ burning rates the accumu- 
lation of pow’dery ash is troublesome, and 
such ash has a high resistance to the flow- 
of air through the bed. For these reasons 
these authors considered that the addition 
of sufficient flux to produce sintering of the 
ash w’ould be advantageous for such instal- 
lations. 

On the wffiole, coking was the only prop- 
erty bearing on clinkering of ash which ap- 
peared to be significantly influenced by the 
addition of inorganic substances. This 
may have some effect on clinker trouble, 
inasmuch as a strongly coking coal is more 
likely to produce hot spots in the fuel bed. 
That inorganic substances may have a very 
marked influence on the strength and struc- 
ture of coke is demonstrated by the work 
of Gauger and Salley, 112 who succeeded in 
producing a pseudocoke by the addition of 
aluminum salts to a lignite which normally 
w’as entirely noncoking. 

In this connection, the Bureau of Mines 
investigators noted that some of their treat- 
ments reduced the coking of coal. This 
effect decreased w r ith decreasing thickness 
of the fuel bed and, to a lesser extent, with 
rate of air feed to the fuel bed. These 
investigators also noted that treatment 
with w r ater alone generally reduced the 
coking and to an extent which w r as related 
to the amount of w’ater that the coal could 
absorb in addition to that required to wet 
the surface. This point is of particular 

ns Gauger, A. W., and Salley, D. J., Proc. 2nd 
Intern . Gonf . Bituminous Coal , 1, 312-28 (1928). 
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interest inasmuch as practically all the 
proprietary preparations sold for treating 
coal are supposed to be dissolved or dis- 
persed in water as a means for adding 
them to the coal. This suggests that what- 
ever small effects they have may be due 
more to the water than to the chemicals 
added. 

Nieholls et al. applied their chemicals to 
the coal in various proportions, a “light 
treatment” being 4 pounds per ton, a 
“heavy treatment” 40 pounds per ton. The 
effectiveness of the light treatment in re- 
ducing coking was appreciable only with 
one coal and became increasingly negligible 
as the coking power of the coal increased. 
On the average, sodium carbonate was most 
effective, boric acid, molybdenum oxide, 
and calcium chloride being next and about 
equal. In some tests they did as well as 
sodium carbonate. Common salt was much 
less effective, often having no effect. Po- 
tassium chromate and lead nitrate were 
effective but not used in enough tests to fix 
their relative positions. Nitric acid equiva- 
lent to a heavy treatment was effective, and 
a light treatment of nitric acid with 4 per- 
cent water w 7 as more effective than water 
alone. A heavy treatment with hydrochlo- 
ric acid was less effective than a heavy 
treatment with nitric acid. 

Nieholls and his coworkers did not in- 
vestigate the effect of the treatments on 
slagging of walls and tubes. They pointed 
out that if the added chemical did not 
volatilize its action was limited to combi- 
nation with ash and slag droplets carried 
out of the bed, but they believed it to be 
not impossible that some of the chemicals 
used might have influenced adhesion. They 
noted that it has been reported that com- 
mon salt thrown on a fuel bed causes slag 
to fall from the tubes, but they could pre- 
sent no experimental data to support this 
statement. This statement has frequently 


been made by practical operating men. It 
seems quite possible that such a procedure 
might result in sudden fluxing of portions 
of the slag which "would produce mechani- 
cal strains resulting in fracture. 

In this connection it seems desirable to 
refer to one proprietary product which has 
been used extensively and has been said by 




Fig. 23. Effects of adding increasing amounts 
of proprietary mixture C on the ash-softening 
temperature and on the percentage of sulfur 
trioxide in the ash. 


many users to have been beneficial in 
minimizing tube slagging and in giving 
more satisfactory clinkering characteristics 
to some coals. The material, which will be 
called mixture C for convenience, consists 
principally of calcium chloride with small 
amounts of manganese dioxide and a di- 
chromate. It is supposed to liberate chlo- 
rine at fuel-bed temperatures, and the 
manganese dioxide and the dichromate are 
supposed to function as catalysts to accel- 
erate the oxidation of sulfur. In Fig. 23 
are shown some of the effects of adding 
mixture C to a particular coal which had 
the proximate analysis shown in Table 
XIII. The percentage ash analysis of the 
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TABLE XIII 

Proximate Analysis of a Particular Coal 


Moisture, percent 0.7S 

Volatile content, percent 27.52 

Fixed carbon, percent 63,55 

Ash, percent S.15 

Sulfur, percent 2,95 

Btu (dry) 14,341 


Ash-softening temperature 2 , 270 ° F 

coal was Si0 2 , 31.S0; AL0 3 , 23.91; Fe 2 0 3 , 
37.71; Ti0 2 , 1.33; CaO, 1.76; MgO, 0.66; 
K 2 0 -f Xa 2 0, LOS; P 2 0 5 , 0.17; S0 3} 1.6S. 

These data and those shown in the figure 
were obtained by a private testing labora- 
tory. The method of ashing was unusual. 
The coal, reduced to 20 mesh, was placed 
in a muffle furnace maintained at 1,800° F, 
it being believed that this sudden exposure 
to a high temperature approximated actual 
burning conditions more closely than the 
standard method of ashing. It is to be 
regretted that complete analyses were not 
made of the ashes from the treated coal 
samples instead of only sulfur and ash- 
softening temperature being determined. 

The figure shows a minimum sulfur con- 
tent in the ash at 5 pounds of mixture C 
per ton of coal and a maximum in ash- 
softening temperature at this point. The 
data may be considered typical. It is in 
order to inquire whether the reduction in 
sulfur content of the ash is of any prac- 
tical significance. Some insight into this 
may be obtained by the following consider- 
ations: 

In the first place, the ash of the un- 
treated coal contained 1.68 percent sulfur 
trioxide according to the u^bal method of 
analysis. This corresponds to 0.672 per- 
cent of sulfur. It does not seem reasonable 
to suppose that an ash component present 
to the extent of slightly more than 0.5 per- 
cent could be of any significance in deter- 


mining the behavior of the ash as regards 
clinkering. 

In the second place, did the treatment 
have any considerable effect on sulfur re- 
moval during combustion? The ash con- 
tained 0.627 percent of sulfur. The coal 
contained 8.15 percent of ash. The sulfur 
remaining in the ash of the untreated coal 
amounts to only 0.0546 percent of the 
weight of the original coal. The original 
coal contained 2.95 percent sulfur. Then 
the percentage of the original sulfur which 
was not removed during combustion of the 
coal is 1.85. In short, when the untreated 
coal was burned, all but 1.85 percent of the 
sulfur passed out in the stack gases. Simi- 
lar calculations show that when the coal 
was treated with 5 pounds of mixture C 
per ton the sulfur remaining in the ash 
amounted to only 0.33 percent of that con- 
tained in the coal. It seems unreasonable 
to credit the treatment with having ef- 
fected any improvement in the coal. When 
the coal was not treated 98.15 percent of 
the sulfur passed out in the stack gases. 
When it was treated 99.67 percent passed 
out. Certainly if the treatment improved 
the coal in any way the mechanism by 
which it did so was not related to its effect 
on the sulfur. Likewise the effect on the 
ash-softening temperature is insufficient to 
account for any improvement. 

The foregoing considerations appear to 
indicate that the treatment was of no sig- 
nificance so far as the alleviation of clink- 
ering and slagging difficulties was con- 
cerned, but consider the following state- 
ments quoted from a report made by the 
director of the consulting laboratory in 
which the above-described tests were made. 
This report was prepared for a large power 
company which had retained the labora- 
tory to study the possible value of the 
treatment. 



THE PROBLEM OF SULFUR AND EFFECTS OF INORGANIC CHEMICALS 571 


Observation of the actual effect of the ad- 
dition to coal of calcium chloride and certain 
conversion agents shows the formation of 
friable clinker easily moved on the grate and 
the tube surfaces were found to be relatively 
free of slag. Observation was made of the 

actual operation of a furnace at 

Company's plant at . Analyses of the 

clinker, tube slag, and fly dust collected on 
the economizer tubes were also obtained 
from representative samples of each. The 
analyses of the cinder show less than 1 per- 
cent iron sulfide, while the analyses of the 
tube slag and economizer deposits show no 
iron sulfide whatever and less than 1 percent 
sulfur trioxide; whereas analyses of tube 
slag in [sic] the economizer deposits from 
installations using untreated coal often show 
more than 30 percent sulfur, trioxide • • • . 

In contrast to the above it may be said 
that Nicholls and his coworkers 111 investi- 
gated the effect of chlorine with negative 
results. However, the sponsors of mixture 
C state that chlorine alone is ineffective 
but that the oxides of manganese and 
chromium catalyze the action of the chlo- 
rine. 

In spite of the many enthusiastic testi- 
monials by operating men for mixture C 
and other proprietary compounds there 
appears to be no convincing evidence that 
any of them have actually been of value 
so far as clinkering on grates is concerned. 
In respect to tube slagging the evidence is, 
perhaps, not quite so unequivocal, but it 
remains to be proved that any type of 
treatment is beneficial. 

It appears that the explanation for the 
enthusiasm displayed by practical men for 


certain “treatments” is to be sought in the 
field of psychology rather than in that of 
chemistry. If a portion of a shipment of 
coal is segregated by someone in a super- 
visory capacity and the fireman is told that 
the segregated portion is a treated coal or 
a superior coal it is not unusual for the 
fireman to obtain much better results (or 
much worse ones) with the segregated coal 
than with the rest of the shipment of 
which it was a part. Frequently the dif- 
ferences may be real and not imaginary, 
not because the coal was any different, but 
because the fireman did a better job of 
firing, if he believed the coal actually to 
be superior, or a worse one, if he was 
prejudiced against it. Gutleben 113 gave 
an amusing example of furnace operators 
who, because they realized that attention 
was focused on them, obtained results with 
untreated coal quite as satisfactory as those 
obtained with treated coal. 

A. D. Bailey 114 has tested a considerable 
number of proprietary treating compounds 
in full-scale equipment without obtaining 
any evidence of beneficial results. The 
writer believes that a reading of Bailey’s 
excellent summary will convince any rea- 
sonable person that mitigation of slagging 
troubles is to be sought in the direction of 
proper design and operation of equipment 
rather than from any chemical treatment 
of the fuel. 

113 Gutleben, D., Ind. Eng . Chem News Ed. } 
16, 196 (193S). 

in Bailey, A. D., Trans. Am. Soc . MecTi. Engrs., 
60, 209-11 (1938). 
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Although chemistry plays only a minor 
role in the cleaning of coal, the removal of 
impurities modifies some of its more im- 
portant chemical and physical properties 
and hence affects its utilization. The large 
tonnage of both bituminous and anthracite 
coal currently cleaned in the United States 
lends importance to the subject. Cleaning 
is practiced even more widely in Europe. 
In 1941, the 460 cleaning plants in the 
United States produced over 117 million 
tons of cleaned bituminous coal or about 
23 percent of the entire output. The pro- 
portion of the annual coal production 
cleaned mechanically has increased stead- 
ily for many years and probably will con- 
tinue to do so in the future as inferior 
coal beds are exploited and as the demands 
of the market become more exacting. 

Impurities Removable by Cleaning 

The impurities with which coal is asso- 
ciated as it comes from the mine are re- 
movable only to the extent that they are 
present in the form of discrete particles 

♦Published by permission of the Director, 
Bureau of Mines, U. S. Department of the In- 
terior. 


physically detached from the coal and of 
particle size amenable to cleaning. Shale, 
clay, sandstone, and bone, which occur as 
the roof and floor of the coal bed and 
frequently as bands or partings within the 
bed, become admixed with the coal in min- 
ing. They are frequently the major ash- 
forming constituents and can largely be 
removed in the cleaning operation. Often 
calcite, kaolin, and gypsum are present in 
the form of thin plates or sheets, prin- 
cipally along vertical fractures and some- 
times along bedding planes in the coal; 
they can be removed only when freed from 
the coal by breakage on these planes. 
Pyrite, one of the principal sources of sul- 
fur in coal, is removable if present as dis- 
crete particles. Chlorides of sodium, po- 
tassium, and calcium are found in some 
coals, notably those of Great Britain, and 
are of course partly removed by solution 
in the cleaning processes employing water. 
Phosphorus is also removable to some ex- 
tent, depending on its mode of association. 

Finely divided impurities disseminated 
throughout the coal substance itself are not 
liberated to an appreciable extent at sizes 
suitable for cleaning. They therefore re- 
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main largely unaffected by ordinary clean- The fact that all removable impurities 
ing methods. These impurities include fine associated with coal are higher in specific 

silt particles deposited contemporaneously gravity than the coal is utilized by nearly 

with the coal, the mineral matter in the all coal-cleaning processes as a means of 

original plant material from which the coal separating coal and impurity. Coal ranges 



Under 1.30 1.30 to 1.40 1.40 to 1.50 1.50 to 1.60 1.60 to 1.70 Over 1.70 

Specific Gravity 

Fig. 1. The specific-gravity composition of several important coals. 1 


was derived, finely divided pyrite, organic 
sulfur and phosphorus, and part of the cal- 
cite, kaolin, and gypsum. The combination 
of these unremovable impurities imposes a 
fixed or inherent ash, sulfur, and phos- 
phorus content below which a coal cannot 
be reduced by mechanical cleaning. As 
each coal differs in the nature and quan- 
tity of both removable and unremovable 
impurities, each has individual cleaning 
characteristics. 


in apparent specific gravity from 1.2 to 1.7, 
depending on its rank, moisture content, 
and percentage of ash. Shale, clay, and 
sandstone range from about 2.0 to 2.6 in 
specific gravity, depending on their degree 
of purity; pyrite ranges from 2.4 to 4.9; 
and calcite and gypsum have a specific 
gravity of 2,7 and 2.3, respectively. Bony 
coal and bone are intermediate in specific 

i Yancey, H. F., and Fraser, T., U. 8. Bur. 
Mines , Bulk 300 (1929), 250 pp. 
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gravity between coal and carbonaceous 
shale; they range from 1.4 to 2.0. 

The cleaning qualities of coals, frequently 
called washability characteristics, long have 
been evaluated by specific-gravity analyses 
made by the fioat-and-sink method. Such 
an analysis is generally performed by im- 
mersing a sample of the coal in a series of 
baths of increasing specific gravity and re- 
covering for examination the specific-grav- 
ity fractions thus obtained. 

Figure 1, taken from a report 1 giving 
information on the washability character- 
istics of coals from eleven states, shows 
graphically the specific-gravity composition 
of several important coals. The propor- 
tion and ash content of the lower-specific- 
gravity fractions, say those under 1.40, are 
of principal importance, for they determine 
the yield and ash content of clean coal ob- 
tainable under ideal conditions. Second in 
significance is the proportion of intermedi- 
ate-density material — the bony or impure 
coal; it influences the relative ease or dif- 
ficulty with which a clean-cut separation 
can be obtained between coal and impurity 
in cleaning. The complexity of the clean- 
ing operation and the requirements neces- 
sary for a given separation ordinarily in- 
crease as the specific gravity corresponding 
to the desired point of separation becomes 
lower, both because of smaller differences 
in average specific gravity between the 
material to be recovered and that to be 
rejected and also because of a normal in- 
crease in the proportion of particles near 
in specific gravity to the point of separa- 
tion. A method of interpreting specific- 
gravity composition in terms of washability 
has been described by Bird, 2 and more 
recently by Coe. 3 Reasonably complete 
information on washability characteristics 

2 Bird, B. M., Proc . 2nd Intern . Conf. Bitu- 
minous Cool, 2, 82-111 (1928). 

3 Coe, G. D., 77. 8. Bur. Mines, Circ. 7045 
(1938), 10 pp. 


is available for the coals of Alabama and 
Washington 4 and those of Illinois. 5 

Coal-Clean in c; Processes 

All coal-cleaning processes in general use 
are gravity-concentration methods, but 
methods based upon surface and magnetic 
properties and upon electrical conductivity, 
sliding friction, and strength, although of 
minor significance, are sometimes employed. 
The important processes are grouped ac- 
cording to type in the following classifica- 
tion: 

I. Gravity stratification. 

A. Wet processes. 

1. Jigs. 

2. Launders. 

3. Upward-current classifiers. 

4. Heavy mediums. 

(а) High-density suspensions. 

(б) High-density solutions. 

5. Tables. 

B. Dry processes. 

1. Pneumatic tables. 

2. Air jigs. 

3. Air-sand. 

II. Nongravity processes. 

1. Froth flotation. 

As most of these processes have been 
described in textbooks 6 on coal cleaning, 

i Bird, B. M., Gandrud, B. W., et al., 77. &. 
Bur. Mines, Repts. Investigations 3012 (1930), 
12 pp., 3014 (1930), 17 pp., 3067 (1931), 24 pp., 
30S3 (1931), 12 pp., 3157 (1932), 28 pp., 3170 
(1932), 14 pp., 3200 (1933), 10 pp., 3204 (1933), 
15 pp., 3206 (1933), 9 pp., 3315 (1936), 23 pp., 
3449 (1939), 12 pp., 3450 (1939), 12 pp., and 
345S (1939), 12 pp. ; Univ. Wash. Eng. Expt. 
Eta., Bull . 28 (1924), 231 pp. 

5 Fraser, T., and Yancey, H. F., V. S. Bur. 
Mines, Tech. Paper 361 (1925), 23 pp. Mitchell, 
D. R., Univ. Illinois Eng. Expt. Sta., Bull. 258 
(1933), 44 pp. McCabe, L. C., MitcheU, D. R., 
and Cady, G. H., Illinois State Geol. Survey, 
Rept. Investigations 34 (1934), 61 pp. Mitchell, 
D. R., and McCabe, L. C., ibid., 48 (1937), 84 pp. 

6 Prochaska, E., Coal Washing, McGraw-Hill 
Book Co., New York, 1921, 382 pp. Chapman, 
W. R., and Mott, R. A., The Cleaning of Coal, 
Chapman and Hall, London, 1928, 680 pp. Louis, 
H., The Preparation of Coal for the Market, 
Methuen and Co., London, 1928, 217 pp. Mini* 
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in the following brief description references 
are given only for the more recent proc- 
esses and to articles of specific interest. 

Jigs. Jigs, which are among the oldest 
forms of concentrating devices, remain the 
most popular single type of equipment for 
cleaning bituminous coal. In jigging, a bed 
of coal resting on a perforated surface is 
subjected to the action of periodic upward 
and downward currents of water. This 
action causes stratification of the coal and 
impurity, principally according to their 
respective specific gravities, but also by 
the size and shape of particle. Owing to 
its lower specific gravity and consequent 
lower settling rate, the coal is concentrated 
largely in the upper strata of the bed, 
while the impurity, with its higher specific 
gravity and greater settling rate, accumu- 
lates in the lower strata. 

In the Baum-type jig illustrated in Fig: 
2 the water pulsations are created by al- 
ternately admitting and releasing com- 
pressed air above the surface of the water 
in chambers adjoining the washing com- 
partment. Other common types of jigs 
utilize reciprocating plungers or dia- 
phragms to produce the water pulsations. 
Jigs are employed to clean either sized or 
unsized coal and in a few instances to treat 
in one operation all sizes from dust up to 
6 or even 8 inches. With such a wide size 
range the cleaned product may meet the 
market requirements, but the efficiency 
with which some of the sizes are treated 
is necessarily decreased. Capacities of as 
much as 500 tons per hour are obtained. 

Launders. Launders of the Rheolaveur 
type illustrated in Fig. 3 are widely used 

kin, R. C. R., Modern Coal-Washing Practice , 
Ernest Benn, London, 1928, 310 pp. Bertkelot, 
Ch., Epuration, sichage , agglomeration, et broy- 
age du charbon , Dunod, Paris, 1988, 393 pp. 
Mitchell, D. R., Editor, Coal Preparation , Am. 
Inst. Mining Met. Engrs., New York, 1943, 720 

pp. 


to wash bituminous coal and less commonly 
anthracite. The Rheolaveur system con- 
sists essentially of one or more launders or 
troughs in which the coal and impurity 
particles are separated by alluviation. 7 As 
the material is moved along the slightly 
inclined launder the heavier impurities tend 
to settle into the lower strata of the bed, 
the lighter coal remaining in the upper 
strata and overflowing at the end of the 
launder. The refuse accumulating in the 
bottom is removed continuously through 
special valves called rheo boxes, w'hieh may 
or may not be supplied with an upward 
current of water to prevent the discharge 
of coal. 

In operation, all sizes of coal from dust 
up to about 4 inches frequently are washed 
in a eoarse-coal launder of the sealed-dis- 
charge type, and the material finer than 
about % inch is screened from the washed 
coal for recleaning in fine-coal launders of 
free-discharge type if further treatment is 
required. An alternative procedure is to 
screen the coal before washing and treat 
each size separately. Each coarse-coal 
launder is provided with several rheo boxes 
for the removal of refuse and middlings, 
but the products from all but one box are 
recirculated in the launder to insure more 
complete cleaning. This recirculation of 
middlings material is a distinctive feature 
of the Rheolaveur system. Launders for 
washing fine coal are frequently operated 
as a group of four superimposed one above 
another, the rheo boxes in the upper laun- 
ders discharging incompletely separated 
material by gravity to the lower launders 
for further treatment. The two upper 
launders thus act as a primary unit to 
produce finished washed coal and a product 
that is separated in the lower launders into 
a final refuse and a middlings for recircu- 

7 Gilbert, G. K., U. 8 . G-eol. Survey, Profes- 
sional Paper 86 (1914), 263 pp. 
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lation. The capacity of the Rheolaveur 
system is variable, depending on the width 
of launder and the. size of the feed, whether 
coarse or fine. Coarse coal is treated at 
rates ranging from 65 to 250 tons an hour, 
and fine coal at rates as low as 20. 

& pward-Current Classifiers. Upward- 
current classifiers are used for cleaning an- 


thracite and, less frequently, bituminous 
coal. They differ from jigs primarily in 
that they employ a continuous rather than 
a pulsating current of water. This con- 
tinuous upward current of water has a 
velocity between the terminal velocity of 
fall of coal particles and that of impurity 
particles. The coal particles, having a 
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velocity of fall less than the velocity of the coals, is employed for egg, nut, and pea- 

rising current, are carried upward and dis- sizes rather than for the wide range of 

charged with the water, while the more sizes generally treated in jigs, 

rapidly falling particles of refuse settle In the Menzies Cone £ and Hydrotator 9 

Eccentric drive 


Drive to center rheo box 



Fig. 3. Rheolaveur-type launder. 


downward through the rising stream and classifiers, used largely for anthracite, the 
are removed at a lower level. However, classifying effect of the upward water cur- 

as the velocity with which a body falls rent is assisted to some extent by the 

through a fluid medium is determined by action of particles of bony or impure coal 

its size as well as by its specific gravity, 8 Anon _. Coal Alje> 2C> 1S8 _ 9 (1924) . Fraser , 
classifiers ordinarily can be used to clean t.. Modem Mining , 5 , 119-28 (1928). 

only a restricted range of sizes in one oper- aRemick, w. l., Trans. Am. Inst. Mining 
. . „ 7 xi TT J o 4 . Met. Engrs., 75, 569-79 (1927). Remick, W. L., 

ation. For example, the Hydro-Separator, and JoneS} G B? Am InBtm Mining MeL EngrS j 
which is used primarily to clean bituminous Tech. Pub., 219 (1929), 12 pp. 
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of intermediate density held in suspension 
by the water current. The suspended ma- 
terial increases the effective specific gravity 
of the water and thus aids the separation. 
Classifiers of the Menzies type are used 
to clean the various standard sizes of 
anthracite from egg to No. 4 buckwheat, 
to %4 inch, and the Hydrotator for the 
smaller sizes only. In practice, several 
commercial sizes of coal may be cleaned 
together in a single classifier, and a capac- 
ity of as much as 150 tons an hour is 
obtained with the coarser sizes. 

Heavy-Medium Processes. The bene- 
ficial effect obtained from solids suspended 
in the washing water in some types of 
upward-current classifiers previously men- 
tioned is utilized in high-density suspension 
processes of washing coal. These processes 
employ either an unstable or a semistable 
suspension of a finely divided solid ma- 
terial, usually one foreign to the coal, to 
create a bath having an effective specific 
gravity greater than that of coal but less 
than that of impurity. Thus, in effect, a 
float -and-sink type of separation between 
coal and impurity is simulated. However, 
in those processes in which a rising current 
of water is required to maintain the sus- 
pension and assist in the separation, size 
as well as specific gravity influences the 
separation. Size, however, is less impor- 
tant with these processes than with those 
previously described, because as the density 
of the medium increases the velocity of 
rising current required decreases, and con- 
sequently the separation according to par- 
ticle size is minimized. Verdinne 10 has 
described the various heavy-medium proc- 
esses, and Cummings 11 presented a critical 
comparison of them. 

io Verdinne, H., Ann. mines Belg., 40, 431-72 
(1939) ; Colliery Guardian , 159, 667-70, 711-15, 
747-50, 787-8 (1939). Mott, R. A., J. Inst. 
Fuel , 9, 158-70 (1936). 


The Chance method, 12 illustrated in Fig. 
4, is the most widely used of the high- 
density suspension processes; it was origi- 
nally developed and is still used principally 
for anthracite in the "United States but has 
been applied to the cleaning of bituminous 
coal at a number of plants. In this method 
the suspended solid is sand, with a grain 
size of 0.2 to 0.5 millimeter. As sand of 
this size settles rapidly the bath is agi- 
tated mechanically and by upward cur- 
rents of water admitted at several levels 
in the cone. An effective specific gravity 
up to 1.65 can be obtained, and a capacity 
reaching 600 tons an hour is possible with 
bituminous coal. Coal ranging in size from 
10 inches to *4 or 41s inch can be cleaned 
in one operation by the Chance process; 
but, as in other high-density suspension 
methods, the fine sizes cannot be treated 
because they decrease the density of the 
medium and cannot be recovered from the 
sand by screening. 

The Barvoys process, 13 also known as 
the de Vooys, barite, or Sophia- Jacoba 
process, was installed at twenty-one plants 
in England and on the Continent between 
1931 and 1939 but is not used in the 
United States. A suspension of barite 
(BaS0 4 , specific gravity 4.2) is the sepa- 
rating medium utilized in this method. 
The suspension is stabilized by the addition 
of 2 volumes of clay per volume of barite. 
With this addition of clay the suspension 
is said to be stable in the range from 1.30 
to 1.60 specific gravity, but at the Sophia- 
Jacoba plant the separating bath is heated 
to 90° F to reduce its viscosity to an ac- 

11 Cummings, A. D. r Colliery Guardian, 161, 
436-8 (1940). 

12 McLaughlin, J. T., Trans. Am. Inst. Mining 
Met . Engrs 94, 324-31 (1931). Bird, B. M v 
Mechanisation , 2, No. 6, 46-52 (1938). 

13 Groppel, K., GliickauJ, 70, 429-35 (1934). 
Anon., Colliery Guardian , 161, 347-51 (1940). 
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Fig. 4. Chance cone. 


ceptable value. Heating is not mentioned inch in size is not treated by the process, 
in descriptions of other plants. The proc- fine coal resulting from degradation of the 

ess was originally used for coal ranging in larger pieces contaminates the suspension 

size from 3*4 inches to ¥iq inch at a and is therefore removed from the barite 

capacity of 200 tons an hour; coal up to and clay by froth flotation. The barite and 

8 inches in size is treated in the more clay are recovered for reuse by sedimen- 
recent plants. Although coal less than tation in a Dorr-type thickener. 
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In the Tramp 14 process developed at the 
Domanial e mine, Kerkrade, Netherlands, 
in 1938 and employed at two plants in 
England, the suspension is either magnetite 
or sintered pyrite ground through 100- 
mesh. The unique feature of the Tromp 
method is that the tendency of the un- 
stable suspension to settle in the washing 
chamber is utilized rather than prevented, 
as in other processes employing unstable 
suspensions. Owing to settling of the 
magnetite, the specific gravity of the bath 
increases from top to bottom; in the origi- 
nal installation the range in specific gravity 
was from 1.53 at the top of the bath to 
1.S3 at the bottom. In operation, the 
clean coal floats at the surface of the sus- 
pension and is skimmed off, while the 
refuse sinks through the bath and is dis- 
charged at the bottom. Bony or impure 
coal intermediate in specific gravity be- 
tween that of the top of the bath and 
that of the bottom can neither float nor 
sink and therefore remains suspended 
within the bath. It is removed continu- 
ously by a gently horizontal cross flow of 
the medium, which carries it to an elevator 
for disposal. 

The Tromp method is thus especially 
well suited to making three or even more 
products, that is, a high-ash middling in 
addition to the primary washed coal and 
refuse. This feature is particularly useful 
if the coal is unusually hard to clean, that 
is, if it contains considerable middlings, or 
if an especially low-ash washed coal is 
required. The process has been successful 
for cleaning coal sized between 3*4 inches 
and hi inch, and extension of this size 
range to *$ inch is anticipated. 

14 Shiifer, O., Gliickauj, 74, 4S1-6 (193S) ; Col- 
liery Guardian , 157, 1073-7 (193S). Closer. 

Z. Ter. dent. Ing ., S3, 33-7 <1939). Holmes, C. 
W. H.„ Colliery Guardian , 159, 861-4, 899-902 
(1939). 


The Loess 15 process, developed at the 
state mines, in the Netherlands, differs 
from the similar processes largely in the 
suspension. The suspension employs loess, 
a wind-sorted, sandy clay earth of wide 
geographical distribution. Loess of the 
type used in the process has a size distri- 
bution of 75 percent between 100 and 20 
microns and 25 percent finer than 20 mi- 
crons. The loess forms a suspension which, 
in the range from 1.25 to 1.65 specific 
gravity, is stable enough at the concentra- 
tion required in the separating bath to be 
used without special means of agitation, 
but which can be recovered from the dilute 
suspension in the rinsing water readily for 
reuse because of its freedom from slimes. 
Coal of sizes down to 8 millimeters has 
been treated. 

A similar process, known as the Wuensch 
cone method, was formerly employed at a 
mine in Kansas. The suspended material 
in the cone, however, was from a bed of 
clay underlying the coal. With ferrosilicon 
or galena as the suspended solid, the 
Wuensch or M.B.I. 1 ® process is employed 
in the treatment of ores. 

Table I, which summarizes the character- 
istics of the several high-density suspension 
processes for cleaning coal, was compiled 
from the reports by Verdinne, 10 Cum- 
mings, 11 and Driessen. 15 

The use of solutions of high specific 
gravity, as distinguished from dense sus- 
pensions, to form a separating bath for 
cleaning coal has been attempted from 
time to time, but with only limited indus- 
trial success. An aqueous solution of cal- 
ls Driessen, M. G., J. Inst. Fuel 12, 327-41 
(1939) ; Colliery Guardian , 158, 783-8, 832-3 
(1939). 

1 & The M.B.I. ( Wuensch ) Process , American 
Zinc, Lead, and Smelting Co., 1940, 34 pp. De- 
Yaney, F. D., and Shelton, S. M., U. 8. Bur. 
Mines , Kept. Investigations 3469-R (1940), 25 
PP. 
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Process 


Characteristic 

Chance 

Barvoys 

Tromp 

Loess 

Solid in suspension 

Sand 

Barite and clay 

Magnetite 

Loess 

Average particle size 


J'lOOG 

Moo 

i/ 

>500 

of solid, inch 

Agitation 

Upward currents 
and mechanical 

None 

None 

None 

Effective specific 

1.35 to 1.65 

1.30 to 1.55 

1.40 to 1.S0 

1.25 to 1.65 

gravity 

Means of separating 

None 

Upward current of 

Cross currents of 

U p ward c urrent 

middlings from 


suspension in sep- 

several densi- 

of suspension ir 

refuse 


arate bath 

ties in bath 

separate bath 

Minimum size 

1 / 

71 6 

Me 


*16 

treated, inch 


cium cliloride is used in the Lessing, 17 Fuel 
Process Co., and Ougree-Marihaye 11 proc- 
esses. The Fuel Process Co. method, which 
is employed at a number of plants in the 
United States for cleaning egg and nut 
sizes, uses calcium chloride solution of ap- 
proximately 1.2 specific gravity. Upward 
currents produced by mechanical agitation 
allow a higher effective specific gravity to 
be attained. The fact that only a com- 
paratively low density can be obtained, 
and the expense entailed by the loss of 
calcium chloride entrained in the washed 
coal and refuse products, limit the appli- 
cation of these processes to coarser sizes of 
coal. 

The first limitation has been eliminated 
in the du Pont 18 process employed for 

it Lessing, R., J. hist. Fuel , 2, 5 (1928) ; Proc. 
2nd. Intern. Conf. Bituminous Coal , 2, 1—21 
(192$) ; Fuel, 9, 20-9 (1930). Bertrand, M. G., 
J. Inst. Fuel , S, 328-42 (1935). 

is Foulke, W. B., Coal Age , 43, No. 5, 74—9 
(193S) ; Eng. Mining J ., 139, No. 5, 33-9, 48 
(1938). Coal Age, 45, No. 11, 37-9 (1940). 
Foulke, W. B., U. S. Pat. 2,150,918 (1939). Alex- 
ander, H. L., du Pont, H. I., and Foulke, W. B., 
U. S. Pats. 2,150,899, 2,151,578 (1939). Foulke, 
W. B., and Greager, O. H., U. S. Pat. 2,208,758 
(1940). Foulke, W. B., and Willis, W. A., U. S. 
Pat. 2,150,917 (1939). Alexander, H. L., and 
Foulke, W. B., TJ. S. Pat. 2,193,957 (1940). 


treating anthracite at one plant in Penn- 
sylvania . Haiogena ted hydrocarbons — such 
as t et rab romoet ban e i specific gravity 
2.964), pentacloroethane (specific gravity 
1.678), and trichloroethylene (specific 
gravity 1.462), or mixtures of any two of 
these compounds in the proportions re- 
quired to give the desired specific gravity 
— constitute the separating medium. Loss 
of the medium through adsorption by the 
coal and refuse is minimized by preliminary 
treatment of the raw coal with a so-called 
active agent. The active agent is a surface- 
active substance which, with water, forms 
a protective film around the individual 
particles of coal and thus prevents adsorp- 
tion of the heavy medium. Starch acetate 
or tannic acid in concentrations of 0.01 
percent are satisfactory active agents. 

All portions of the du Pont equipment 
in which the separating medium is used or 
circulated must be vapor-sealed, to pre- 
vent loss of the medium and because the 
medium is toxic. The medium is recov- 
ered for reuse by settling and distillation. 
Like the other dense-medium processes, the 
du Pont system is not suited to cleaning 
coal of the finer sizes. 
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The development of other high-density 
solutions having the advantages of these 
halogenated hydrocarbons but not their 
disadvantages, namely, comparatively high 
cost, volatility, and toxicity, is a field of 
research in which chemical technology may 
make a significant contribution to the art 
of cleaning coal. 

Tables. Tables have long been used for 
cleaning coal of the finer sizes. All sizes 
from dust up to 3 4 inch and occasionally 
up to 1 inch or larger are treated. A table 
consists essentially of a rectangular deck 
provided with numerous parallel, longitu- 
dinal riffles or barriers. The deck is re- 
ciprocated longitudinally with a differen- 
tial motion in a nearly horizontal plane. 
Coal and impurity particles fed to the 
table are acted upon by three forces: that 
of gravity, that imposed by the motion of 
the deck, and that applied by a flow of 
water across the deck perpendicular to the 
direction of the riffling. The coal and im- 
purity particles stratify principally accord- 
ing to specific gravity in the spaces between 
the riffles, the impurity on the bottom next 
to the surface of the deck and the coal par- 
ticles superimposed. The motion of the 
table moves the material forward along the 
riffles toward the refuse-discharge end of 
the table: the impurity, being in direct 
contact with the deck, is moved forward 
more rapidly than the coal. Concurrently, 
the cross flow of water washes the superim- 
posed coal over the riffles toward the coal- 
discharge edge of the table. 

Pneumatic Processes. All the cleaning 
processes described thus far involve wet- 
ting the coal with water. As the drying 
of the finer coal preparatory to use is 
costly, coal of the small sizes is sometimes 
cleaned by pneumatic methods. About 15 
percent of the coal cleaned in the United 
States in 1941 was so treated. 


The air table, like its counterpart the 
wet coal-washing table, is essentially a 
reciprocating riffled deck. Air currents 
rising through the perforated deck create a 
mobile condition in the bed of coal and 
promote stratification of the coal and im- 
purity particles between the riffies. The 
impurity particles are transported longi- 
tudinally along the riffles to the end of the 
table by the reciprocating motion, while 
the lighter coal particles, buoyed up by 
the air currents, pass transversely across 
the riffles, where they are discharged 
along the side of the table. 

The Stump air-flow 19 cleaner operates 
much the same as a jig, except that the 
upward pulsations utilized for stratifica- 
tion of the coal and impurity particles are 
due to air rather than water. Units of 
this type are designed to treat sized coal 
up to a maximum of 3 inches, or slack 
coal including the finest dust. In general, 
pneumatic processes treating unsized feeds 
are less efficient in separating coal and 
impurity than wet processes employing 
similar equipment. 

In the air-sand 20 process a bed of dry 
sand, fluidized by a continuous upward 
flow of air introduced through a porous 
bottom, is employed as the separating 
medium. The mixture of sand and air 
simulates a dense liquid on which the coal 
floats and the impurity sinks. Coal rang- 
ing in size from 3 inches to % inch is 
treated at rates as high as 85 tons per 
hour. 

Froth Flotation . The flotation process 
for cleaning coal, as distinguished from 
heavy-medium methods sometimes errone- 
ously referred to as flotation processes, has 
been used sporadically at only a few wash- 

19 Davis, D. H., and Hanson, V. D., Mining 
Cong. J 25, No. 5, 10-6 <19S9). 

20 Beddow, W. W., Coal Age, 41, 139-44 
(1936). 
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eries in the United States but is employed 
extensively in Europe. In Great Britain 
alone, over 2 million tons of coal was 
cleaned by flotation in 1938. It is one of 
the few coal-cleaning processes in which 
the separation is not based upon specific 
gravity. The process depends upon dif- 
ferences in wettability; the surface of coal 
is wetted less readily by water than are 
those of its impurities. 

Froth flotation, 21 briefly described, in- 
volves agitating coal Uo inch or finer in 
size with 4 to 10 times its weight of water 
and a quantity of reagent, usually amount- 
ing to less than 0.25 percent of the weight 
of the coal. The reagent, together with 
air, forms a froth to the bubbles of which 
coal particles selectively attach themselves 
and are buoyed up to the surface, where 
they may be removed. The impurity par- 
ticles are wetted by the water, therefore 
remain below the surface, and can thus be 
separated from the coal. The flotation 
machines generally used are of pneumatic 
or mechanical type, according to whether 
compressed air or a revolving impeller is 
employed to secure agitation and the for- 
mation of bubbles. Information on the 
flotation of coal at European washeries, 
including types of machines used, reagents 
and their consumption, performance, and 
cost data, was summarized by Mayer.- 2 

The Elmore vacuum-flotation process 23 
is used to a limited extent in Europe for 
cleaning fine coal. A mixture of coal, 
water, and suitable reagent, usually a paraf- 
fin or fuel oil, is introduced into a vacuum 
chamber, where the air dissolved in the 
water and that entrained in the mixture 

21 Yancey, H. F., and Taylor, J. A., U. 8. Bur. 
Mines, Giro. G714 (1985), 29 pp. 

22 Mayer, E. W., Coal Age , 3S, 375-9 (1933). 

23 Dept. 8ci. Ind. Research , Fuel Research 

Board Rept 1931, pp. 57-8; Ibid., 1032, pp. 
23-5. Anon., Colliery Guardian , 149, 104 

(1934). 


are liberated in the form of bubbles to 
create a froth. The advantages claimed 
are that the power required to produce 
the vacuum is less than the power neces- 
sary for mechanical agitation and that 
the froth obtained is less stable and hence 
more easily dewatered. The Trent proc- 
ess, 24 developed during the World War of 
1914-18 but since discarded, is not actu- 
ally a flotation method but involves simi- 
lar physical principles. Coal passing 100- 
mesh is suspended in water and mixed 
with an oil or other organic liquid immis- 
cible with water, amounting to 30 or 40 
percent of the weight of the coal. The 
oil displaces the water film from the sur- 
face of the coal, and together they form a 
pasty agglomerate that can be separated 
from the water and the water-wetted im- 
purities by screening. 

The comparatively high cost of flotation 
has limited its application to coal cleaning. 
Flotation has several appealing technical 
advantages, however, that eventually may 
bring it into greater use. Chief among 
them is the fact that it is suited to cleaning 
coal of the finer sizes which cannot be 
treated as effectively by most other clean- 
ing processes. A second advantage is that 
by choice of suitable reagents and operat- 
ing technique the wettability and hence 
flotation of the various components of a 
coal can be controlled, permitting greater 
flexibility in operation and allowing the 
coal to be separated into three or more 
products. The chemical aspects of flota- 
tion are discussed in a subsequent section. 

Performance of Cleaning Processes 

The ideal cleaning process, from the 
standpoint of performance, would be one 

24 Perrott, G. St. J.. and Kinney, S. P., U. 8. 
Bur. Mines, Rept. Investigations 2263 (1921), 
IS pp. ; Chem. Met. Eng., 25, 1S2-S (1921). Ral- 
ston, O. C., Coal Age , 22, 911-4 (1922). 
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in which all coal lower in specific gravity 
than a predetermined value, the specific 
gravity of separation, would be recovered 
in the cleaned product and all material of 
higher specific gravity would be rejected 
as refuse. Xo cleaning process achieves 
this goal. The type of separation between 
coal and impurity actually accomplished 



Pig. 5. Typical separation between coal and 
parity accomplished in practice." 3 


is illustrated graphically in Fig. 5. 25 Coal 
of low density and impurity of high density 
report largely to their proper products — 
washed coal and refuse, respectively: but, 
as the specific gravity of separation is ap- 
proached, the proportion of material re- 
porting to an improper product increases 
rapidly. The shape of the curve suggests 
that some type of probability function re- 
lates the proportion of material reporting 
to an improper product with the difference 
between its specific gratify and that of the 

25 Yancey, H. F., Geer, M. R., and Shinkoskey, 
R. E., V, S. Bur . Mines, Kept. Investigations 
3372 (193S), 19 pp. 


point of separation. Tromp, 26 observing 
that the shape of the curve is similar to 
that of a Gaussian error distribution curve, 
was able to derive a formula to express the 
relationship mathematically. 

Imperfect separation of the materials of 
intermediate density, as illustrated in Fig, 
5, is characteristic to some degree of all 
gravity coal-washing processes, regardless 
of their mode of operation. It can be 
ascribed largely to the inherent difficulty of 
stratifying materials differing only slightly 
in density, but it is attributable also to the 
effects of the two factors, particle size and 
particle shape. Size and shape modify 
density in all cleaning processes employing 
currents of a fluid, whether the fluid is 
water, air, or a high-densitv suspension, 
because the size and shape of a particle, 
as well as its density, determine its motion 
in the moving fluid. 

The influence of particle size is espe- 
cially pronounced with the wet coal-wash- 
ing table. 27 In general, the size of the 
particles of a given density discharged from 
the table become successively finer with in- 
creasing distance from the mechanism end 
of the table. At any given point of dis- 
charge, fine particles of one density are ac- 
companied by coarser particles of higher 
density. Thus the wet table operates most 
efficiently with a coal in which the average 
particle size of the impurity is finer than 
that of the clean coal. 

With the pneumatic table, the effect of 
particle size is reversed. 23 The size of the 
particles of given density discharged from 

26 Tromp, K. F., Gliickaiif, 73, 125-31, 151-6 
(1937) ; Colliery Guardian a 154, 955-9, 1009 
(1937). Terra, A., Rev. ind. minerale, 446, 409- 
13 (1939). 

27 Bird, B. M. s XJ. 8. Bur. Mities , Rept. Investi- 
gations 2755 (1926), 8 pp. 

28 Taggart, A. F., and Leehmere-Oertel, R. L., 
Trans. Am. Ii%st. Mining Met. Engrs ., 87, 155-212 
f 1930). Yancey, H. F., and Porter, C. B., XJ. 8. 
Bur. Mines , Tech. Paper 536 (1932), 18 pp. 
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the table becomes successively coarser with 
increasing distance from the mechanism 
end of the table, and, at any given point 
of discharge, coarse coal is accompanied by 
finer impurity; thus the pneumatic table 
can make a more efficient separation when 
the average particle size of the impurity is 
coarser than that of the coal. 

Particle shape likewise has opposite 
effects with the two types of tables. 29 
With the wet table the tendency of the 
impurities to be flakier than the coal as- 
sists in the separation of coal and refuse, 
because flaky particles tend to move to- 
ward the refuse end of the table. But with 
the pneumatic table, flaky particles tend to 
be discharged with the .clean coal, and thus 
the separation of flaky refuse particles is 
more difficult. 

It is the difference in the direction of the 
fluid currents that makes the particle size 
and shape have opposite effects with the 
two types of tables. With the wet table, 
the flow of water is transverse and nearly 
horizontal; with the pneumatic table, the 
flow of air is vertical. 

Size of particle is similarly important in 
the operation of jigs, for it as well as den- 
sity influences the stratification obtained 
with the pulsating currents of water. 30 
For example, in an investigation treating a 
coal ranging in size from 3 inches to zero, 
the efficiency of the separation was shown 
to be higher for the intermediate sizes than 
for either the coarser or finer sizes; more- 
over, the finer sizes were separated into 
coal and refuse at lower density than the 
coarser sizes. 31 That particle shape is a 
factor in jigging is illustrated by the neces- 
sity of employing a stronger suction stroke 

29 Yancey, H. F., Trans . Am. Inst. Mining Met. 
Etigrs ., 94, 855-68 (1931). 

30 Yancey, H. F., and Fraser, T., Ibid., 71, 
1079-87 (1925). 

31 Yancey, H. F., and Geer, M. R., U. S. Bur. 
Mines, Rept. Investigations 3371 (1938), 18 pp. 


to remove flaky material of intermediate or 
even high density. 22 

The effect of particle size can be ob- 
served in performance data of Rheolaveur 
washers. As pointed out by Crawford and 
coworkers, a separation according to par- 
ticle size, in addition to that by density, 
occurs when the material in the launder is 
thick and sluggish. In the new Battelle 
launder described by Richardson greater 
mobility in the bed is achieved by vertical 
currents of water supplied through per- 
forated plates forming the bottom of the 
launder. 33 

Detailed information on the effect of size 
and shape of particles with other types of 
cleaning processes* is not available. Prob- 
ably, however, the only processes in which 
size and shape are not important factors 
are those dense-medium methods in which 
no upward current of the separating me- 
dium is employed. 

Imperfect treatment of the materials near 
in density to the point of separation mani- 
festly influences the quality of the cleaned 
coal and refuse produced in the cleaning 
operation. The magnitude of this influence 
depends on the proportion of such material 
present, which in turn is determined by the 
specific-gravity composition of the coal, 
and on the specific gravity at which the 
separation be ween coal and impurity is 
made. 

Owing to the wide variation in the quan- 
tity and ash content of the inherent and re- 
movable impurities in coal, no adequate 
generalization can be made regarding the 
reduction in percentage of ash obtainable 
in cleaning. Some coals can be reduced 

32 Bird, B. M., Gandrud, B. W., and Nelson, 
E. B., ibid., 3012 (1930), 13 pp. 

33 Crawford, J. T., Proctor, C. P., and Wil- 
liams, M. J., Trans. Am. Inst. Mining Met. Engrs ., 
130, 172-88 (1938). Richardson, A. C., ibid., 
130, 156-70 (1938). Crawford. J. T., Proctor, 
C. P-, and Younkins, J. A., ibid., 139, 2C9-S7 
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in which all coal lower in specific gravity 
than a predetermined value, the specific 
gravity of separation, would be recovered 
in the cleaned product and all material of 
higher specific gravity would be rejected 
as refuse. No cleaning process achieves 
this goal. The type of separation between 
coal and impurity actually accomplished 



-0.3 -0.2 -0.1 0 +0.1 +0.2 +0.3 


Specific gravity difference 

Fig. 5. Typical separation between coal and 
impurity accomplished in practice. 25 

is illustrated graphically in Fig. 5. 25 Coal 
of low density and impurity of high density 
report largely to their proper products — 
washed coal and refuse, respectively; but, 
as the specific gravity of separation is ap- 
proached, the proportion of material re- 
porting to an improper product increases 
rapidly. The shape of the curve suggests 
that some type of probability function re- 
lates the proportion of material reporting 
to an improper product with the difference 
between its specific gravity and that of the 

25 Yancey, H. F., Geer, M. R., and Shinkoskey, 
R. E. f 27. 8. Bur. Mines, Rept. Investigations 
3372 (1938), 19 pp. 


point of separation. Tromp, 26 observing 
that the shape of the curve is similar to 
that of a Gaussian error distribution curve, 
was able to derive a formula to express the 
relationship mathematically. 

Imperfect separation of the materials of 
intermediate density, as illustrated in Fig. 
5, is characteristic to some degree of all 
gravity coal-washing processes, regardless 
of their mode of operation. It can be 
ascribed largely to the inherent difficulty of 
stratifying materials differing only slightly 
in density, but it is attributable also to the 
effects of the two factors, particle size and 
particle shape. Size and shape modify 
density in all cleaning processes employing 
currents of a fluid, whether the fluid is 
water, air, or a high-density suspension, 
because the size and shape of a particle, 
as well as its density 7 ’, determine its motion 
in the moving fluid. 

The influence of particle size is espe- 
cially pronounced with the wet coal-wash- 
ing table. 27 In general, the size of the 
particles of a given density discharged from 
the table become successively finer with in- 
creasing distance from the mechanism end 
of the table. At any given point of dis- 
charge, fine particles of one density are ac- 
companied by coarser particles of higher 
density. Thus the wet table operates most 
efficiently with a coal in which the average 
particle size of the impurity is finer than 
that of the clean coal. 

With the pneumatic table, the effect of 
particle size is reversed. 28 The size of the 
particles of given density discharged from 

26 Tromp, K. F., GlilcJcauf , 73, 125-31, 151-6 
(1937) ; Colliery Guardian , 154, 955-9, 1009 
(1937). Terra, A., Rev. ind. minerals , 446, 409- 
13 (1939). 

27 Bird, B. M., TJ. 8. Bur. Mines , Rept. Investi- 
gations 2755 (1926), 8 pp. 

28 Taggart, A. F., and Lechmere-Oertel, R. L., 
Trans . Am. Inst. Mining Met. Engrs., 87, 155-212 
(1930). Yancey, H. F., and Porter, C. B., TJ. 8. 
Bur. Mines, Tech. Paper 536 (1932), 18 pp. 
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the table becomes successively coarser with 
increasing distance from the mechanism 
end of the table, and, at any given point 
of discharge, coarse coal is accompanied by 
finer impurity; thus the pneumatic table 
can make a more efficient separation when 
the average particle size of the impurity is 
coarser than that of the coal. 

Particle shape likewise has opposite 
effects with the two types of tables. 29 
With the wet table the tendency of the 
impurities to be flakier than the coal as- 
sists in the separation of coal and refuse, 
because flaky particles tend to move to- 
ward the refuse end of the table. But with 
the pneumatic table, flaky particles tend to 
be discharged with the .clean coal, and thus 
the separation of flaky refuse particles is 
more difficult. 

It is the difference in the direction of the 
fluid currents that makes the particle size 
and shape have opposite effects with the 
two types of tables. With the wet table, 
the flow of water is transverse and nearly 
Horizontal; with the pneumatic table, the 
flow of air is vertical. 

Size of particle is similarly important in 
the operation of jigs, for it as well as den- 
sity influences the stratification obtained 
with the pulsating currents of water. 30 
For example, in an investigation treating a 
coal ranging in size from 3 inches to zero, 
the efficiency of the separation was shown 
to be higher for the intermediate sizes than 
for either the coarser or finer sizes; more- 
over, the finer sizes were separated into 
coal and refuse at lower density than the 
coarser sizes. 31 That particle shape is a 
factor in jigging is illustrated by the neces- 
sity of employing a stronger suction stroke 

29 Yancey, H. F., Trans. Am. Inst. Mining Met. 
Engrs., 94, 355-68 (1931). 

30 Yancey, H. F., and Fraser, T., ibid., 71, 
1079-87 (1925). 

31 Yancey, H. F., and Geer, M. R., TJ . 8. Bur . 
Mines , Rept. Investigations 3371 (1938), 18 pp. 


to remove flaky material of intermediate or 
even high density. 32 

The effect of particle size can be ob- 
served in performance data of Rheolaveur 
washers. As pointed out by Crawford and 
coworkers, a separation according to par- 
ticle size, in addition to that by density, 
occurs when the material in the launder is 
thick and sluggish. In the new Battelle 
launder described by Richardson greater 
mobility in the bed is achieved by vertical 
currents of water supplied through per- 
forated plates forming the bottom of the 
launder. 33 

Detailed information on the effect of size 
and shape of particles with other types of 
cleaning processes* is not available. Prob- 
ably, however, the only processes in which 
size and shape are not important factors 
are those dense-medium methods in which 
no upward current of the separating me- 
dium is employed. 

Imperfect treatment of the materials near 
in density to the point of separation mani- 
festly influences the quality of the cleaned 
coal and refuse produced in the cleaning 
operation. The magnitude of this influence 
depends on the proportion of such material 
present, which in turn is determined by the 
specific-gravity composition of the coal, 
and on the specific gravity at which the 
separation between coal and impurity is 
made. 

Owing to the wide variation in the quan- 
tity and ash content of the inherent and re- 
movable impurities in coal, no adequate 
generalization can be made regarding the 
reduction in percentage of ash obtainable 
in cleaning. Some coals can be reduced 

32 Bird, B. M., Gandrud, B. W., and Nelson, 
E. B., ibid ., 3012 (1930), 13 pp. 

33 Crawford, J. T., Proctor, C. P., and Wil- 
liams, M. J., Trans. Am. Inst. Alining Met . Engrs 
130, 172-88 (1938). Richardson, A. C., ibid., 
130, 156-70 (1938). Crawford, J. T., Proctor, 
C. P., and Younkins, J. A., ibid., 139, 269-87 
(1940). 
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readily to 5 percent or less of ash; others 
cannot be cleaned economically to an ash 
content of less than 20 percent. Between 
these extremes lie the bulk of American 
coals, each having individual cleaning char- 
acteristics. 

The beneficiation obtainable with respect 
to sulfur content is similarly variable, 
though between narrower limits. Sulfur 
occurring in the form of free, relatively 
coarse pyrite particles is removed largely 
by cleaning, but pyrite of microscopic size 
dissem in ated in the coal and organic sulfur 
cannot be removed. An investigation 34 of 
the removal of sulfur from a number of 
coals by cleaning showed that the percent- 
age reduction in total sulfur content ranged 
from a few percent with coals high in or- 
ganic sulfur or finely divided pyrite (an 
isolated instance showed an actual increase 
in sulfur) up to 63 percent for coals con- 
taining coarser pyrite. Many of the high- 
sulfur coals contain considerable coarse py- 
rite and hence are amenable to cleaning. 

Only meager data are available on the 
reduction in phosphorus content obtained 
in actual washing operations. Laboratory 
studies 35 have shown, however, that the 
phosphorus present in some coals tends to 
be associated more with the bony or im- 
pure coal than with the clean coal of lower 
specific gravity. This relationship suggests 
that phosphorus is generally reduced some- 
what by washing. The figures available for 
three actual washing operations show re- 
ductions in phosphorus content of 0, 10, 
and 38 percent, respectively. 36 

34 Yancey, H. F., and Parr, S. W., Ind. Eng. 
Chem ., 16, 501— S (1924). 

35 Davies, R. W., Fuel , 5, 550-7 (1926). Ed- 
wards, A. H., and Jones, J. H., J. Soc. Chem. 
Ind 55, 186-9T (1936). 

36 Cf. Selvig, W. A., Nicholls, P., Gardner, W. 
L., and Muntz, W. E., Carnegie Inst. Tech Min- 
ing Met. Invest Coop. Bull. 29 (1926), 61 pp., 
especially p. 17. Geer, M. R., Davis, F. T., and 


Soluble chlorides, when present in coal, 
are partly dissolved and removed by the 
water employed in wet cleaning processes. 
Their removal is governed largely by the 
amount of coal surface exposed to the sol- 
vent action of the water. Thus, Bradley 37 
has shown that the removal of salt from a 
South Yorkshire coal ranged from 31 per- 
cent in the coal coarser than % inch to 63 
percent in the 30- to 90-mesh sizes. Re- 
duction of salt content in other English 
coals ranged from 23 to 75 percent. 38 

Effect of Cleaning on Utilization 

The attributes of cleaned coal are greater 
uniformity in composition and, of course, 
reduced content of impurity. These char- 
acteristics, especially uniformity, provide 
definite advantages in the utilization of 
coal, for regardless of how coal is used one 
or more of its impurities are, with few ex- 
ceptions, deleterious. The injurious effects 
of impurities have been studied by many 
investigators. 39 Chapman and Mott 40 
have provided a comprehensive discussion 
‘ of the advantages of clean coal in industrial 
use. 

Actually, the ill effects of the ash-form- 
ing impurities in coal are felt even before 
the coal is used. An economic loss is mani- 
fest in the handling, transportation, and 
storage of high-ash coal, for the inert im- 
purities must be handled with the coal, yet 
contribute nothing in its use. In combus- 

Yancey, H. F., Am. Inst. Mining Met. Engrs., 
Tech. Put. 15SG (1943), 8 pp. 

37 Bradley, G. W. J., Fuel, 7, 31-6 (1928). 

38 See p. 21 of Chapman and Mott, ref. 6. 

39 Fieldner, A. C., U. 8 . Bur. Mines, Kept. In- 
vestigations 3020 (1930), 13 pp., 3114 (1931), 
9 pp. Ramsburg, C. J., Mining Cong. J., 16, 
No. 2, 68-72 (1930). Mott, R. A., Wheeler, 
R. V., Coke for Blast Furnaces, The Colliery 
Guardian Co., London, 1930, pp. 142-6. Rice, 
W. E., Trans. Am. Inst. Minmg Met. Engrs., 101, 
247-52 (1932). 

40 See pp. 598-623 of Chapman and Mott, 
ref. 6. 
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tion, the ash-forming impurities not only 
dilute the combustible content of the coal 
and thus reduce its calorific value but also 
lower the effective capacity of the burning 
equipment, reduce plant flexibility, and im- 
pose added expense for the handling of ash. 
Moreover, the fluctuations in ash content 
that characterize high-ash coals render the 
control of combustion difficult. That ex- 
cessive ash content impairs the efficiency of 
combustion is well known. Hebley, 41 in 
summarizing comparative burning tests of 
the same coals before and after cleaning, 
showed that 1 percent of excess ash in the 
coal causes a loss in efficiency averaging 
0.34 percent. 

Another important way in which clean- 
ing affects the combustion characteristics 
of coal is in its influence on the formation 
of clinker and slag. The effect of washing 
coal on the fusibility of its ash is peculiar 
to each coal, for it depends on the chemical 
composition of the impurities removed and 
that of the ash remaining in the washed 
coal. Selvig and his coworkers 86 reported 
the ash-fusion temperature of 12 coals be- 
fore and after washing; the ash-fusion 
temperature of 8 increased, 2 remained 
unchanged, and 2 decreased. Pieces of ex- 
traneous impurities, such as shale, were 
found to serve as nuclei for the formation 
of large clinkers, and hence the removal of 
these impurities by cleaning may decrease 
the formation of clinker even though the 
ash-fusion temperature of the coal as a 
whole is not increased. Gould and Brun- 
jes 42 determined the ash-softening tem- 
perature of several sizes and specific-grav- 
ity components of Pennsylvania coals; they 
pointed out that particles of free impurity 
frequently are lower in ash-softening tem- 

41 Hebley, H. F., Trans. Am. Inst. Mining Met. 
Engrs 130, 79-106 (1938). 

42 Gould, G. B., and Brunjes, H. L., Trans. 
Am. Inst. Mining Met. Engrs., 139, 364—83 
(1940). 


perature than the coal with which they are 
associated, thus giving favorable conditions 
for initiating formation of clinker. A simi- 
lar investigation of Illinois coals, which are 
generally lower in ash-fusion temperature, 
showed less variation in the fusion tem- 
perature of their components than that 
found for the Pennsylvania coals. 43 

The deleterious effects of high ash con- 
tent in coals used for steam raising have 
their counterpart in coals converted into 
coke for metallurgical use. High ash con- 
tent in the coal decreases the yield of coke 
in terms of carbon content or thermal 
value, decreases the yield of byproducts, 
and gives a weaker coke and consequently 
more breeze. Use of high-ash coke in blast 
furnaces causes an increase in the con- 
sumption of coke, requires more limestone 
for flux, reduces furnace capacity, and 
makes the control of temperature difficult. 
Various estimates have been made of the 
increased cost per ton of pig iron attrib- 
utable to excess ash in the coal used for 
making metallurgical coke. 44 

Sulfur, second to ash in importance as an 
impurity, is detrimental in steam coals and 
domestic fuel largely because of the corro- 
sive action of its products of combustion. 
It is in metallurgical fuel, however, that 
sulfur presents its principal disadvantages. 
Sulfur is a deleterious impurity in virtually 
all metallurgical products; for this reason, 
high-sulfur coal is unsuited to smelting or 
heat-treating processes in wffiich the prod- 
ucts of combustion come into direct contact 
with the material under treatment. In 
blast-furnace operation, the penalties ex- 

43 McCabe, L. C., and Rees, O. W., Illinois 
State Geol. Survey, Rept . Investigations 55 
(1939), 31 pp. 

44 Sweetser, R. H., Mining and Met., 5, 172 
(1924). Forrest, L. R., Proc. Southern Ohio Pig 
Iron and Coke Assoc., October, 1924, pp. 20-32. 
Kinney, S. P., Blast Furnace Steel Plant , 14, 15- 
24 (1926). 
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acted by high sulfur content in the coke 
are added slag volume, increased coke con- 
sumption, and greater difficulty of furnace 
control. 45 Sulfur in pig iron, derived 
largely from the coke, requires a longer 
open-hearth treatment. Phosphorus, like 
sulfur, is an undesirable impurity in coke 
used to produce pig iron to be refined by 
the acid open-hearth or Bessemer processes. 

When coals containing more than about 
0.05 percent sodium chloride are coked, the 
refractory lining of the ovens, unless made 
of silica, suffers from corrosion, often so 
severe that the lining must be replaced 
after a few months of use. 38 Silica bricks 
are more resistant than fireclay bricks to 
such attack. 46 

Chemical Aspects op Coal Cleaning 

Flotation. Chemical technology is espe- 
cially applicable to the flotation process of 
cleaning coal because flotation depends on 
surface properties and surface phenomena 
that can be modified or even altered com- 
pletely by chemical or physicochemical 
treatment. Such treatment is the aspect 
of the process with which the material that 
follows is concerned. The theory and fun- 
damental concepts of flotation are not dis- 
cussed because they have been developed 
largely in ore-dressing studies rather than 
in investigations dealing with coal; more- 
over, they are discussed adequately in ore- 
dressing literature 47 

45 Joseph, T. L., Trans. Am. Inst. Mining Met. 
Engrs.j 71, 453-63 (1925). 

46 Gluud, W., and Jacobson, D. L., Interna - 
tional Handbook of the Byproduct Coke Industry^ 
Chemical Catalog Co., New York, 1932, p. 340. 

47 Gaudin, A. M., Flotation , McGraw-Hill Book 
Co., New York, 1932, 552 pp. ; Prmciples of Min - 
oral Dressing, McGraw-Hill Book Co., New York, 
1939, pp. 334-423. Taggart, A. F., del Giudice, 
G. R. M., and Ziehl, 0. A., Trans. Am. Inst. Min- 
ing Met. Engrs ., 112, 348-SI (1934). Wark, I. 
W., Principles of Flotation , Melbourne, Austral- 
asian Inst. Mining & Met., 1938, 346 pp. 


Flotation agents may be grouped ac- 
cording to the purpose for which they are 
employed. Frothing agents are used to 
promote the formation of a froth, to the 
bubbles of which air-adherent or unwetted 
particles become attached and are thus 
buoyed up to the surface for separation. 
Fr others are generally slightly soluble or- 
ganic compounds; small amounts lower the 
surface tension of water appreciably and 
thus assist in formation of bubbles. Ac- 
cording to Gotte 48 and Gaudin, 49 they are 
compounds having heteropolar molecules, 
the polar part of which has an affinity for 
water and the nonpolar part an affinity for 
gas or a repulsion for water. Collecting 
agents are employed to make a water-ad- 
herent surface become air adherent, or to 
increase a natural tendency toward air ad- 
herence. Collectors resemble frothers in 
that they are heteropolar, but, in collectors, 
the polar part of the molecule must have a 
special affinity for a specific material, such 
as coal, while the nonpolar part must have 
an affinity for gas or a repulsion for water. 
Depressing agents have the opposite action ; 
that is, they promote water adherence or 
wetting. Like collectors, depressants must 
be selective in their action, affecting only 
one of the materials to be separated and 
not the others. Still other agents are some- 
times employed to modify the action of the 
collector or frother. Particularly with coal, 
one agent may serve as both frother and 
collector or have a similar dual capacity. 

As Ralston 50 has pointed out, proximity 
to coke ovens or gas works frequently has 
led to the use of coal tars, cresols, and wash 
waters from scrubbing towers as agents in 

48 Gotte, A., G-liichauf, 70, 293-7 (1934). 

49 Gaudin, A. M., Principles of Mineral Dress- 
ing , McGraw-Hill Book Co., New York, 1939, p. 
36S. 

so Ralston, O. C., U. S. Bur. Mines , Kept. In- 
vestigations 3397 (1938), 63 pp. 
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coal flotation. 51 In fact, Jones and Bury 52 
found that such wash waters not only pro- 
vided suitable agents for flotation but also 
caused absorption of their noxious constitu- 
ents by the coal and thus rendered the 
water safe for disposal into streams. Pe- 
troleum products ranging from naphtha to 
heavy oil, either alone or in combination 
with pine oil or cresol, also have been 
widely employed as frothers 53 Other suc- 
cessful agents are xanthates 54 or other 
salts of an organic derivative of sulfothio- 
carbonic acid; polythionates, particularly 
those of the multivalent metals; 55 and 
mineral oil emulsified with the sodium sul- 
fate salt of oleyl alcohol. 56 Oxidized oils 
and waxes of paraffin or naphthene base 
have been found to function for collection 
as do fatty acids, and also to serve as 
frothers. 57 

The contention that flotation agents 
must have heteropolar molecules was chal- 
lenged by Luisenko, 58 who found that min- 
eral salts such as sodium chloride are satis- 
factory agents. Flotation conducted in a 
1 percent sodium chloride solution reduced 
the ash content of coal to be used in mak- 
ing electrode carbon from 21 to 0.44 per- 
cent. In another investigation, 59 it was 

si Van Iterson, F. K. Th., Chem. Weelcbladj 34, 
633-41 (1937). 

52 Jones, F. B., and Bury, E., U.. S. Pat. 1,388,- 
868 (1921). 

53 Pakhalok, I. F., Ugol, 1936, No. 129, 70-6 ; 
Chem . Abs., 30, 8567 (1936). Frantz, P. M., 
U. S. Pat. 2,028,742 (1936). 

54 Williams, P. J., Brit. Pat. 272,301 (1926). 

Kiihlwein, F. L., Brit. Pat. 286,456 (1927). 

Fomin, Ya. N., Coke and Chem. (U.8.S.R.), 4, 
No. 2, 56-9 (1934). 

55 Schaefer, W., Brit. Pat. 289,848 (1927). 

56 Gillson, J. L.,. and Mentzer, O. T., U. S. Pat. 
2,112,362 (1938). 

57 Eisele, J., Griessbach, R., and Heuck, C., 
U. S. Pat. 1,787,938 (1931). 

58 Luisenko, P. D., Coke and Chem,. ( U.8.S.R . ), 
5, No. 10, 40-6 (1935). 

59 Minerals Separation Limited, Ger. Pat. 478,- 
065 (1920). 


found that paraffin oil employed as an in- 
soluble frother, in combination with cresol 
as a soluble frother, could be dispensed 
with wholly or in part if the flotation was 
conducted in sea water. Interest in the 
use of mineral salts as agents arises from 
their low cost and from the observation by 
Maier, Tzuckermann, and Luisenko 60 that 
froths produced with such salts contained 
less water than those produced with oils; 
the cost of dewatering the froth is one of 
the principal obstacles to the use of the flo- 
tation process. 

Pieters 61 made laboratory tests with a 
variety of flotation reagents. Both organic 
acids and alcohol were found to increase 
in effectiveness with increase in molecular 
weight. A series of mineral oils tested 
showed increasing collecting power with de- 
crease in viscosity of oil, probably because 
the more viscous oils were unable to film 
the coal particles. Phenol, the most effec- 
tive agent employed, was strongly affected 
by changes in pH; the addition of potas- 
sium hydroxide, sulfuric acid, ammonia, or 
other electrolytes decreased its flotation 
properties. 

The S.Y.R.C. flotation process investi- 
gated by the Fuel Research Board of Great 
Britain 62 is of interest technologically, even 
though it apparently never progressed be- 
yond the experimental stage. Powdered 
coal was heated to about 300° C in an 
inert atmosphere. Oils produced in this 
heat treatment made the resulting product 
amenable to flotation without additional 
agents. It was found that coals which re- 
sponded readily in ordinary flotation could 
be cleaned satisfactorily by the S.Y.R.C. 
process by heating to 300°, but that coals 

60 Maier, L., Tsukerman, L. E., and Luisenko, 
P. D., Khim . Tverdogo Topliva, 5, 655-61 (1934). 

61 Pieters, H. A. J., Brennstoff-Chem 12, 
325-7 (1931). 

62 Dept. Sci. Ind. Research ( Brit.), Fuel Re- 
search Board Rept. 1930, pp. 67-8. 
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which required strong frothing agents in 
ordinary flotation necessitated tempera- 
tures of about 330° C. 

Pyrite is frequently troublesome in the 
flotation of coal, owing to its tendency to 
remain unwetted and to float with the coal. 
Yancey and Taylor 63 investigated depres- 
sants for coal pyrite; they concluded that 
the best depressing agents were lime and 
the oxidation products of pyrite — ferrous 
and ferric sulfates. Ferric sulfate was a 
good depressant in the pH range of 4.5 to 
6.9 and, under certain conditions, was ef- 
fective in alkaline circuits. Ferrous sulfate 
was effective in slightly acid solutions. The 
depressing action of ferric sulfate was at- 
tributed to adsorption by the pyrite of 
either a ferric hydroxide sol or a basic fer- 
ric sulfate slime. Depression was less pro- 
nounced in the presence of coal than with 
pyrite alone, probably because of mechani- 
cal entrapment of pyrite particles in the 
large mass of floating coal particles. Stew- 
art 64 found that, although lime acted as a 
depressant for pyrite and marcasite, it also 
inhibited flotation of the coal. In Stew- 
art’s experiments, lime or sulfuric acid was 
added to the flotation circuit in amounts 
large enough to vary the pH from 2.0 to 
11.2; the greatest reduction in sulfur con- 
tent occurred at a pH of 10.3 but was ac- 
companied by a reduced yield of coal. Op- 
timum flotation, considering both yield of 
coal and reduction in sulfur and ash con- 
tent, occurred with a neutral circuit. 

Although clay is wetted by water more 
readily than coal and pyrite, special treat- 
ment sometimes is required to prevent it 
from floating with the coal. Such agents 
as sodium carbonate and sodium silicate, 

63 Yancey, H. F., and Taylor, J. A., U. S. Bur. 
Mines, Kept. Investigations 3263 (1935), 20 pp. 
Cf. Yamaguchi, K., J. Fuel Soc. Japan , Sec. 2, 7, 
126-8 (1928). 

64 Stewart, J. W., Mineral Industries ( Penna . 
State Coll.), 2, No. 3, 1, 4 (1932). 


which will disperse or deflocculate clay and 
shale, have been suggested by several in- 
vestigators. 59 ' 65 When in a dispersed con- 
dition the clay particles are wetted more 
easily. Moreover, dispersion tends to free 
the coal from clay particles, thus reducing 
mechanical entrapment and allowing the 
collector greater access to the coal parti- 
cles. Potassium ethyl xanthate, in combi- 
nation with sodium carbonate, was em- 
ployed by Petersen 66 to peptize clay so 
that it could be separated from coal simply 
by sieving; the same reagents were used 
by Van Ahlen 67 for a flotation separation. 
Yancey and Taylor 63 demonstrated that 
the clay contaminating floated coal was 
present largely as a suspension in the water 
entrained in the froth; they concluded, 
therefore, that the clay content of a froth 
is influenced principally by the pulp di- 
lution. 

A relationship between flotation proper- 
ties and rank of coal might be expected, 
owing to differences in the surface prop- 
erties of the various ranks of coal. Ralston 
and Wichmann, 68 as early as 1922, noted 
a relationship between flotability and rank. 
Brady and Gauger 69 have showed that the 
angle of contact between a bubble of gas 
and a submerged coal surface ranged from 
48° with anthracite, 60° with Pennsylvania 
bituminous coal, and 57° with Illinois bitu- 
minous coal to 0° with North Dakota lig- 
nite. Similarly, work of the Fuel Research 
•Board of Great Britain 70 with vacuum flo- 

65 Edser, E., and Williams, P. T., Trans. Fuel 
Conf World Power Conf ., London, 1928, 1 , 374- 
84 (1929). Crawford, J. T., Trans. Am. Inst. 
Mining Met. Engrs., 119, 157 (1936). 

66 Petersen, W., Gliickauf, C7, 1445-53 (1931). 

67 Van Ahlen, A., Brennstoff-Chem 17, 446—51 
(1936). 

68 Ralston, O. C., and Wichmann, A. P., Chem. 
d Met. Eng., 26, 500-3 (1922). 

69 Brady, G. A., and Gauger, A. W., Ind. Eng. 
Chem., 32, 1599-604 (1940). 

to Dept. Sd. Ind. Research (Brit.), Fuel Re- 
search Board Rept., 1935, pp. 51-3. 
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tation indicated that flotability was at a 
maximum with coals containing about 92 
percent carbon (dry, ash-free basis) and 
decreased with both decreasing and increas- 
ing carbon content. Coals of less than 83 
percent carbon were found to be especially 
difficult to float. 

Numerous investigators have suggested 
flotation as a means of separating the pet- 
rographic constituents of coal. Chapman 71 
noted that kerosene produced a froth con- 
taining 76 percent bright coal (clarain 
and vitrain) and only 24 percent dull coal 
or durain compared with phenol, which 
yielded 20 percent bright coal and 80 per- 
cent dull coal. Price 72 discovered that 
starch will depress fusain selectively, and 
Mayer and Schranz 73 mentioned the use 
of organic protective colloids, like starch, 
glue, tannin, and albumen, to depress dull 
coal. Methods of selective flotation in 
which all the coal components except fusain 
are depressed by the action of polyhexoses 
pretreated with suitable agents were de- 
scribed by Kiihlwein, 74 Schaefer and Mer- 
tens, 75 and Brownlie. 76 

The “Ekof” method, described by Kiihl- 
wein and by Schaefer and Mertens, is con- 
ducted in two steps. In the initial step, a 
fusain concentrate is made by depressing 
the other components of the coal, poly- 
hexoses treated with hydrochloric acid or 
other suitable chlorides being the depress- 
ing agent. The pulp is then made weakly 
alkaline, a collecting agent such as a pe- 
troleum oil is added, and the. remaining 

71 Chapman, W. R., Fuel, 1, 52—4 (1922). 

72 Price, F. G., U. S. Pat. 1,499,872 (1924). 
See also Edser and Williams, ref. 65. 

73 Mayer, E., and Schranz, H., Flotation, S. 
Hirzel, Leipzig, 1931, 450 pp. 

74 Kiihlwein, F. L., GliicJcauf, 70, 245-52, 275- 
7 (1934). 

75 Schaefer, W., and Mertens, W., U. S. Pat. 

1,944,529 (1934). Erz- und Kohle Flotation 

G.m.b.H., Fr. Pat. 743,295 (1933). 

76 Brownlie, D., Steam Engr 3, 5-6, 44 
(1933). 
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coal is floated away from the refuse. The 
experimental results obtained by Kiihlwein 
given in Table II indicate the extent to 

TABLE II 

Reduction of Fusain Content by Selective 
Flotation 74 

Fusain Content 


Coal 

En- 

treated 

Coal 

Fusain 

Con- 

centrate 

Coal 

Con- 

centrate 

Yorkshire 

percent 

15 

percent 

35 

percent 

7 

Lower Silesian 

9 

30 

5 

Ruhr 

11 

35 

10 

Ruhr 

15 

40 

8 

Ruhr 

16 

28 

10 


which fusain content can be reduced by the 
Ekof method, 

A method of selectively floating fusain 
developed by Bierbrauer and Popperle 77 
depends on differential surface oxidation of 
the coal components. A small amount of 
an oxidizing agent (for instance, 250 to 500 
grams of potassium permanganate per ton 
of coal) added to the flotation medium 
causes oxidation of the humates present in 
the clarain, vitrain, and durain. The hu- 
mic acid thus formed as a surface layer is 
hydrophilic, and consequently these com- 
ponents of the coal are depressed. Fusain, 
with its lower content of humates, is less 
affected by the treatment and will float 
with the aid of a frothing agent. After the 
fusain has been removed the remainder of 
the coal is floated atvay from the refuse by 
the addition of a stronger collector to over- 
come the hydrophilic property induced by 
oxidation. As humate content varies with 
rank and type of coal, each coal presents 
an individual problem in the choice of re- 
agents suitable for controlling the process. 

77 Bierbrauer, E., and Popperle, J., GliicJcauf, 
70, 933-40 (1934) ; Ger. Pats. 619,239 (1935), 
650*031 (1937). 
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Extraction of Ash-Forming Impurities 
by Treatment with Acids 

Removal of the organic components of 
coal from its inorganic impurities by chemi- 
cal treatment is now practiced industrially 
in the hydrogenation and Pott-Broche 
processes, although elimination of impuri- 
ties is not the principal objective. The 
alternative procedure, removal of the in- 
organic impurities from the organic con- 
stituents by treatment with acids, has been 
employed in the laboratory to produce coal 
of unusually low ash content suitable for 
use in making electrodes and special metal- 
lurgical coke or as fuel for coal-dust en- 
gines. Sustmann and Lehnert 78 have dis- 
cussed the field for removal of impurities 
by acid treatment and reviewed the avail- 
able literature. These investigators also 
have reported the results of experiments in 
which German brown and bituminous coals 
were treated with various concentrations 

78 Sustmann, H., and Lehnert, R„ Brennstoff - 
Chem., IS, 353-6 (1937). See also Selvig, W. A., 
Ode, W. H., and Gibson, P. H., U. S. Bur. Mines, 
Rept. Investigations 3731 (1943), 22 pp. 


of hydrochloric and hydrofluoric acid . 79 
Table III summarizes the reduction in ash 
content obtained in these tests. 

The acid treatment was much more ef- 
fective with the brown coals than with 
coals of bituminous rank. According to 
Fischer, as quoted by Sustmann and Leh- 
nert, this can be attributed in part to the 
capillary structure of the brown coals, 
which allows easier penetration of the acid. 
Much of the ash in brown coal is organi- 
cally bound, and according to Fischer and 
Fuchs 80 that portion of the lime salts pres- 
ent in the form of humates can be removed 
by mineral acids. In comparing brown and 
bituminous coals, rank is an important fac- 
tor, but it would seem that in general the 
effectiveness of acid treatment should be 
influenced largely by the chemical nature 
and physical distribution of the impurities 
in each particular coal rather than by its 

79 Sustmann, H., and Lehnert, R., ibid., IS, 
433-8 (1937), 19, 41-5 (1938). Cf. Pieters, H. 
A. J., and Smeets, G., Het Gas, 53, 446-8 (1933). 

so Fischer, F., and Fuchs, W., Brennstoff-Chem., 
S, 291-3 (1927). 


TABLE III 


Results of Treating Coals with Hydrochloric and Hydrofluoric Acids 79 


Percentage of Ash, Moisture-Free Basis 
Brown Coals Bituminous Coals f 


Acid Treatment * 

A 

B 

c 

D 

W 

X 

Y 

Z 

Untreated coal 

9.9 

5.5 

11.3 

6.7 

16.2 

1.7 

18.4 

2.4 

0 . 3 A 7 hydrochloric 

3.3 

0.8 

3.4 

1.4 

13.8 

1.7 

18.4 

1.9 

0.9 A r hydrochloric 

0.8 

0.3 

2.1 

0.9 

12.0 


18.1 

1.9 

1.6 N hydrochloric 

Hydrochloric followed by dilute 

0.7 • 

0.2 

2.1 

0.9 

11.7 


18.4 

1.9 

hydrofluoric 1 


0.06 



2.0 

0.9 


0.4 

Dilute hydrofluoric 





6.4 


7.2 

0.6 

* With brown coals, 100 grams 

of coal 

under 

4 millimeters in 

size was 

boiled for 

1 hour 

in 200 


cubic centimeters of acid, concentration being kept constant, and then washed with hot water until 
water was free of chlorine. With bituminous coals, 500 grams of coal ground to pass a sieve having 
100 mesh per square centimeter was boiled with 1,000 cubic centimeters of acid ; the remainder of the 
procedure was the same as with the brown coals. 

t Coals W and X were high volatile ; coals Y and Z were low volatile. 

t Fifteen percent hydrofluoric acid for the brown coal, and presumably the same strength for the 
bituminous coals. 
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rank. Unfortunately, no information is 
available on the chemical nature of the im- 
purities in the coals tested. 

Dilute hydrofluoric was more effective 
than hydrochloric acid in removing impuri- 
ties, and hydrochloric followed by hydro- 
fluoric acid was the most effective treat- 
ment found. With the brown coals each 
gram of hydrochloric acid dissolved about 
3 grams of impurities, regardless of the 
concentration of the acid. 

The effect of acid treatment on the ash- 
fusion temperatures of the coals was ob- 
served to vary with the kind and strength 
of acid employed. Perhaps when the tech- 
nique of acid treatment becomes more fully 
developed it will be possible, through choice 
of suitable reagents and operating condi- 
tions, to remove selectively only the im- 
purities that exert a deleterious effect on 
ash-fusion temperature. In this respect, 
cleaning by acid treatment offers an ad- 
vantage over gravity cleaning methods, in 
which the chemical composition of impuri- 
ties does not influence their removal except 
in so far as it determines their specific 
gravities. 

Demann and Schonmuller 81 concluded 
that treatment with hydrochloric acid was 
more effective if preceded by treatment 
with hydrofluoric acid to decompose sili- 
ceous impurities. One coal, the initial ash 
content of which was not given, on treat- 
ment with hydrofluoric acid and evapora- 
tion to dryness, was reduced in ash content 
to 3.4 percent by the formation of volatile 
fluorides. When the fluorides remaining in 
the coal were leached out with water the 
ash content was further reduced to 2.6 per- 
cent. On final treatment with hydrochloric 
acid to remove iron compounds the ash was 
reduced to 0.7 percent. Here, again, no 
detailed information is available on the 

si Demann, W., and Schonmuller, J. R., G-liicTc- 
aufj 76, 112-3 (1940). 


chemical nature of the impurities in the 
coal. These investigators cautioned against 
the use of hot acids, for such treatment will 
attack the constituents responsible for cok- 
ing properties. 

The effectiveness of acid treatment is 
naturally related to the particle size to 
which the coal is crushed before treatment. 
Hankiss 82 observed that the reduction in 
ash content possible with coal of 0.5-milli- 
meter size was doubled when the coal was 
crushed to 0.1 millimeter for treatment. 

Fischer and Sustmann 7S found that a 
10 percent solution of formic acid reduced 
the ash content of a brown coal from 9.6 
to 1.6 percent. As pointed out by Sust- 
mann and Lehnert, organic acids are to be 
preferred to inorganic acids, for if incom- 
pletely removed after the treatment they 
will not produce corrosive fumes during 
combustion of the coal. 

The action of acids on the mineral con- 
stituents of coal is the basis of the disinte- 
gration process developed by Lessing ss for 
breaking down coal in mining. Acids at- 
tacking the minerals occurring in the cleats 
and partings of the coal cause it to degrade. 
Liquid sulfur dioxide under high pressure 
and to a lesser extent gaseous carbon diox- 
ide have a similar effect. 

Flocculation op Coal Slurry 

The water used in coal-cleaning processes 
generally must be clarified to make it suit- 
able for reuse or to render it fit for disposal 
into streams. In Europe, and at a few 
washeries in the United States, flocculating 
agents are employed to increase the settling 
rate- of the suspended solids that comprise 
coal slurry. Figure 6 contrasts the appear- 
ance and relative size of coal particles pass- 

82 Hankiss, S., Szenlcisdrleti Kdzlem6nyek> 2, 
134-9 (1928) ; Chem. Abs., 23, 3557 (1929). 

83 Lessing, R., Colliery Guardian , 124, 1211-2 
(1922) ; U. S. Pat. 1,532,826 (1925). 




Fig. 6. Particles of coal m slurry (A) before and ( B ) after flocculation with potato starch. 


ing 400 mesh (36 microns) before floccula- 
tion with the appearance and size of the 
floes obtained with potato starch. Starch 
and lime are the flocculants used indus- 
trially, and consequently most of the in- 
formation available in the literature con- 
cerns these materials. However, a wide 
variety of other materials, both electrolytes 
and organic colloids, have been used in 
laboratory experiments. The several the- 
ories of the mechanism of flocculation are 
not described here, for they are discussed 
adequately in textbooks ; 84 as applied spe- 

84 Freundlich, H., Colloid and Capillary Chem- 
istry (translated from the 3rd German ed. by H. 
S. Hatfield), Methuen & Co., London, 1926, 883 
pp. Kruyt, H. R., Colloid'S, 2nd ed. (translated 
by H. S. van Klooster), John Wiley & Sons, New 
York, 1930, 286 pp. 

ssLohmann, G., Gliickauf, 72, 1121-33 (1936). 


cifically to coal slurry, the mechanism of 
flocculation has been described by Loh- 
mann 85 and Needham, 86 among others. 

Table IV summarizes the results of 
flocculation tests conducted by Samuel, 87 
Gardner and Ray, 88 Petersen and Gregor, 89 
and Yancey and coworkers. 90 These data 
permit comparison of the effectiveness of 
the reagents used in each individual inves- 
tigation but not between investigations, be- 

86 Needham, L. W., Trans. Inst. Mining Etigrs., 
92, 28-58 (1936). 

87 Samuel, J. O., Trans. Inst. Chem. Engrs., 
16, 47-56 (1938). 

88 Gardner, G. R., and Ray, K. B., Trans. Am. 
Inst. Mining Met. Engrs., 139, 290-309 (1940). 

89 Petersen, W., and Gregor, F., Gliickauf, 6S, 
621-30 (1932). 

90 Yancey, H. F., Zane, R. E., Wood, W., and 
Cannarella, J. T, H., U. 8. Bur. Mines, Kept. In- 
vestigations 3494 (1940), 13 pp. 









FLOCCULATION OF COAL SLURRY 
TABLE IV 


595 


Relative Effectiveness of Various Flocculating Agents, as Reported by Different 

Investigators 






Petersen and Gregor 89 

Yancey, Zane, Wood, and 






Height of 

Cannarella 90 







Column of 


Solids in 

Samuel 87 

Gardner and Ray 88 


Clarified 


Suspension 


Time for 


Settling 


Water after 


after 


Suspension 

Reagent f 

Index 


4 Minutes 


10 Minutes 

Reagent * 

to Clear 


seconds per 

Reagent t 

of Settling 

Reagent § 

of Settling 


minutes 


centimeter 


millimeters 


percent || 

Ca(OH) 2 

3.5 

No reagent 

65 

No reagent 

21 

No reagent 

3.83 

CaCl 2 

23.0 

Starch A 

6 

FeCla 

23 

Mogul 

0.07 

CaS0 4 

29.0 

Crude potato starch 

5 

Ca(OH) 2 

24 

Wheat flour 

0.12 

Ca(N0 3 ) 2 

51.0 

Refined potato starch 5 

Na 3 P0 4 

25 

Potato starch 

0.10 

Ba(OH) 2 

7.0 

Soybean flour 

6 

ZnS0 4 -7H 2 0 

28 

Konjaku 

0.10 

Ba01 2 

33.0 

Soybean meal 

7 

NaOH 

39 

Cornmeal 

0.32 

Ba(N0 3 ) 2 

67.0 

Wheat bran 

6 



TJnifioc 

0.24 

KOH 

10.5 

Distillery waste 

8 

Soap 

32 

Mogul and NaOH 

0.07 

NaOH 

10.0 

Crude cornstarch 

6 

Gum arabic 

54 

Wheat flour and NaOH 

0.11 . 

NaOl 

93.0 

Gluten 

6 

Gelatin 

64 

Potato starch and NaOH 0. 04 

Na 2 S0 4 

110.0 

Zein 

11 

Potato starch 

81 

Konjaku and NaOH 

0.09 

NaNOa 

195.0 

Pearl starch C 

6 

Carraghen moss 100 

Cornmeal and NaOH 

0.13 

LiOH 

4.0 

Starch B 

7 

Linseed extract 

107 

Mogul and alum 

0.09 

NH 4 0H 

23.0 

Powdered starch D 

6 

Oil emulsion 

122 

Wheat flour and alum 

0.09 

(NH 4 ) 2 S0 4 

129.0 

Beef extract 

8 



Potato starch and alum 

0.08 

nh 4 ci 

120.0 

Tapioca flour 

6 



Konjaku and alum 

0.05 

nh 4 no 3 

150.0 

Oak sawdust 

14 



Cornmeal and alum 

0.13 



Wheat straw 

16 



Mogul and FeCl 3 

0.11 


Wheat flour and FeCls 0.09 

Potato starch and FeCl 3 0.05 

Konjaku and FeCl 3 2.10 

Cornmeal and FeCl 3 0.08 

NaOH 2.46 

Alum 2. 17 

0.66 

* Concentration of reagent in slurry, 0.02 percent. 

f Concentration of reagent in slurry, 0.5 pound of causticized starch per ton of solids ; solids, 
5 percent. 

t Concentration of electrolyte in slurry, 0.05 percent; of colloid, 0.01 percent; solids, 4 percent. 

§ Concentration of reagent in slurry, 0.001 percent, mixtures composed of equal amounts of com- 
ponents ; solids, 5 percent. 

|| Sample taken at midpoint of column of supernatant layer. 


cause of the variation in the methods of re- 
porting results and differences in the coals 
used. Among the electrolytes examined by 
Samuel, the hydroxides were decidedly the 
most effective flocculants, while the nitrates 
showed the least clarifying action. With 
Samuel's data, as with those of the other 
investigators, all reagents are compared at 
the same concentration; actually each re- 
agent has an optimum concentration for 
maximum effectiveness, and consequently 


the figures in the table do not necessarily 
show the best flocculation obtainable with 
each reagent. 

All the amylaceous materials tested by 
Gardner and Ray appear to be about 
equally effective, as measured by the rate 
at which the solid meniscus falls during 
clarification. A rate of fall of 5 seconds 
or less per centimeter is~i3unsidered good, 
and 6 to 10 seconds is fair clarification. 
The concentration of electrolytes used by 
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Petersen and Gregor was five times that 
of the colloidal reagents they employed; 
most other investigators also have observed 
that the concentration of reagent required 
for effective clarification is greater with 
electrolytes than with colloids. As shown 
by the data of Yancey and coworkers for 
ordinary slurries, mixtures of reagents con- 
sisting of both electrolyte and colloid offer 
some advantages over colloids used alone. 

Both Petersen 91 and Yancey and co- 
workers stated that qualitatively the amount 
of reagent required for flocculation is influ- 
enced by the rank of the coal, consump- 
tion of reagents increasing with decrease in 
rank; probably this relationship can be at- 
tributed to differences in surface properties. 

Of greater importance are the nature and 
quantity of the impurities in the slurry. 
Table V shows that coal and its principal 

TABLE V 


Flocculation Produced by Colloids and 
Electrolytes on Slurries of Bituminous 
Coal and Its Common Impurities 90 




Percent 

Solids Remain- 


Percent 

ing in Suspension 


Reagent 

after 10 Minutes 

Reagent 

Added 

of Settling 

* 



Coal 

Bone 

Shale 

None 


1.48 

1.21 

2.44 

Colloids 





Mogul 

0.0025 

0.07 

0.03 

0.64 

Wheat flour 

0.0025 

0.08 

0.08 

1.13 

Potato starch 

0.0025 

0.24 

0.10 

2.34 

Unifloc 

0.0050 

0.07 

O.OS 

0.42 

Electrolytes 





Lime 

0.01 

0.84 

0.40 

0.11 

Ferric chloride 

0.01 

0.08 

0.06 

0.24 

Ferric chloride 

0.02 

1.14 

0.06 

0.08 

Hydrochloric acid 

0.01 

0.09 

0.09 

0.05 

Hydrochloric acid 

0.02 

0.12 

0.08 

0.04 

Alum 

0.01 

0.06 

0.23 

2.18 

Alum 

0.02 

0.05 

0.07 

0.24 

Aluminum sulfate 

0.01 

0.07 

0.23 

2.70 

Aluminum sulfate 

0.02 

0.08 

0.07 

0.10 

Sodium hydroxide 

0.01 

1.82 

1.70 

2.91 

Sodium hydroxide 

0.02 

1.71 

1.16 

2.72 


* Five percent initial solids, through 325 mesh, 
si Petersen, W., Cliiclcauf, 70, 125-31 (1934). 


impurities, bone and shale, behave quite 
differently in flocculation. With shale 
starchy reagents, although satisfactory with 
both coal and bone, are not as effective as 
some of the electrolytes. A colloidal re- 
agent superior to starches in treating shaly 
slurry is konjaku, prepared from a tuber 
( Hydrosme rivieri ) grown in Japan. 92 
Slurries containing up to 20 percent shale 
are flocculated readily with konjaku, but 
slurries containing more shale are stabi- 
lized. 90 Raybould 93 stated that because 
clay adsorbs lime the amount of that re- 
agent required for flocculation depends on 
the clay content of the slurry. However, 
this action tends to retard disintegration 
of the clay and in that respect is beneficial. 
Hard water also retards the disintegration 
of shale and clay. 94 

Wilkins 95 found that the amount of 
starch or gelatin required to flocculate some 
slurries that were difficult to clarify could 
be reduced if the slurry was “sensitized” by 
the addition of wetting agents or other sur- 
face-active substances. Effective sensitizers 
were turkey-red oil, phenol, cresols, castile 
soap, and certain wetting agents. If used 
in excess, however, the sensitizers reduced 
the settling rate. 

Although Gardner and Ray 88 found but 
little difference in the effectiveness of vari- 
ous starches, they did find that the tem- 
perature at which the potato starch was 
prepared influenced its flocculating proper- 
ties. Flocculating power increased with in- 
crease in temperature of preparation in the 
range from the temperature of the gelatini- 
zation point up to 145° C; above this tem- 

92 Van Iterson, F. K. Th., Proc. Acad. Sci. Am- 
sterdam , 41, 81-94 (1938). 

93 Raybould, W. E., Trans. Inst. Mining Engrs., 
SS, 194-229 (1935). 

94 Lomax, W., and Statham, I. 0. F., Colliery 
Eng., 10, 124-7, 137, 164-8, 225-31 (1939). 

95 Wilkins, E. T., J. Soc. Chem. Ind., 54, 391- 
3T (1935). 
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perature it decreased. The increased ef- 
fectiveness, especially that obtained above 
100° C, was ascribed to hydrolysis of the 
amylopectin, the phosphoric acid ester of 
the starch, to form soluble amylose and 
phosphoric acid. 

Many investigators have pointed out 
that ordinary starch solutions lose their ef- 
fectiveness on standing, probably because 
of bacterial fermentation. Gardner and 
Ray found that pressure heating of the 
starch tended to preserve its flocculating 
power. The addition of an electrolyte like, 
sodium hydroxide is also effective. 96 In the 
patented Henry 97 process the starch gran- 
ules are first burst open by freezing at 
-6° C, and the frozen starch is then acted 
upon by a hot dilute solution of sodium hy- 
droxide. This preparation is added to the 
slurry, which has previously been made al- 
kaline with lime. Typical concentrations 
of the three reagents in the slurry are: 
lim e, 0.03; starch, 0.0007; and caustic soda, 
0.002 percent. One ounce of the prepared 
starch is reported to be sufficient to treat 
1,000 gallons of slurry. The Henry process 
is used in various European plants, but 
neither van Iterson 92 nor Petersen 91 could 
find any advantage in the use of frozen 
starch. 

Another patented flocculating agent 
widely used in England is Unifloe, devel- 
oped by Samuel. 98 This material is a gel, 
easily dispersible in water, which consists 
of starch, calcium chloride, and zinc chlo- 
ride. To produce the gel, 10 grams of po- 
tato starch in 20 cubic centimeters of water 
is added with constant stirring to a hot so- 
lution consisting of 5 grams of anhydrous 
calcium chloride and 3 grams of anhydrous 

96 Campbell, C. Q. McW., U. S. Pats. 1,942,507 
(1934), 2,051,983 (1936). 

97 Henry, R. A., Brit. Pat. 322,798 (1928). 
Berthelot, C., Usine , 46, No. 25, 37 (1937). 

98 Samuel, J. O., and Emlyn Anthracite Col- 
liery Ltd., Brit. Pat. 435,126 (1935). 


zinc chloride in 20 cubic centimeters of 
water; the whole is then vigorously stirred 
at a temperature of 70 to 150° C, the com- 
plete treatment consuming 15 to 20 min- 
utes. According to Samuel, zinc chloride 
aids gelification and produces a gel that 
gives larger and heavier floes than those 
obtained when only calcium chloride is 
used with starch. The gel is elastic and 
permanently stable with respect to its floc- 
culating power, and it disperses in water to 
form a hydrophilic colloid having a strong 
positive charge. As with the Henry proc- 
ess, Unifloc works best when added to an 
alkaline slurry, although Samuel claimed 
that it would flocculate any slurry having 
a pH of 3 to 12. 

Other specially prepared amylaceous ma- 
terials which have been successful for floc- 
culating coal-wasliery water are Mogul, 
which has been used in this country, Ogwen 
powder and B-4, in England, and Flocgel, 
which has been used in the Netherlands 
and is also made in the United States. 92 

At the flocculation plant of a coal wash- 
ery in Yorkshire, 99 lime was added to a 
portion of the circulating water at the rate 
of 1 pound for each 100 gallons of slurry 
per hour. The consumption of lime was 
estimated to be as follows: aeration (car- 
bon dioxide, etc.), 20; softening action on 
water, 10; alkalinity of filtered water, 20; 
adsorption by solids, 30; and excess and 
loss, 20 percent. 

Oil emulsions are good clarifying agents 
if properly dispersed. Petersen and Gre- 
gor 89 have described experiments in which 
flocculating agents were prepared from 
various distillation products of tar such as 
crude benzol, tar oil, raw cresol, and an- 
thracene oil by emulsification in water with 
the aid of a technical soap or a sodium 
alkyl sulfonate as a wetting agent. Under 

99 Anon., Colliery Eng., 13, 45-52 (1936). 
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the action of the wetting agent the oils 
were dispersed to such an extent that they 
acted as hydrophilic colloids. Although 
these emulsions carried negative charges, 
they flocculated coal slurry in a way simi- 
lar to the action of protective colloids. 

Dustproofing Coal 

A step in coal preparation in which 
chemical technology plays an important 
role is the treatment of coal to render it 
dustless. Nondrying agents, like petroleum 
oil, oil emulsions, wax, petrolatum, or so- 
lutions of hygroscopic salts, are sprayed 
onto the coal to agglomerate fine, dust-size 
particles and fix them to the larger pieces 
of coal by surface tension. 

Experiments by Fife and Edeburn 100 in 
which the amount of wax contained in vari- 
ous size fractions of a wax-treated coal was 
determined by extraction of the wax with 
ethylene dichloride demonstrated that the 
quantity of dustproofing agent required for 
satisfactory treatment was a function of 
the surface area exposed by the coal. Coal 
1 to % inch in size was found to require 
only 0.5 pound of wax per ton in compari- 
son with 280 pounds per ton for the coal 
finer than 200 mesh — such is the rapid in- 
crease in specific surface as particle size 
decreases. Similarly, Pilcher and Sher- 
man 101 reported that the quantity of oil 
required to dustproof different sizes of the 
same coal ranged from 0.3 quart per ton 
for the %-inch to 1%-inch size to 8.2 
quarts per ton for the coal finer than sc- 
inch. 

A relationship between type of dust- 
proofing agent and rank of coal is shown 
by the work of Pilcher and Sherman and 

ioo Fife, EL. EL, and .Edeburn, F. W., Trans. 
Am. I pet. Mining Met., jsrtgrs 130, 143-55 
( 1933 ). • 

.161 Pilcher, J. M., and Sherman, R. A., Bitu- 
riiinous Coal Research Inc., Tech. Report 6 
(1939), 36 pp. 


that of British investigators. 102 Oils of low 
viscosity, say 100 seconds (Saybolt Univer- 
sal) at 100° F, and solutions of calcium 
chloride were found to be effective for coals 
of high rank but less satisfactory for lower- 
rank coals, such as that from the Illinois 
No. 6 bed. However, oils of 600 seconds 
viscosity and blends of oil and petrolatum 
or asphalt proved more suitable than light 
oils for low-rank coals and had about equal 
effectiveness with coals of all ranks. Fail- 
ure of the lighter oils and of calcium chlo- 
ride solutions to dustproof coals of lower 
rank satisfactorily was attributed to the 
greater porosity of such coals and absorp- 
tion of the dustproofing agent into pores 
and cracks. The materials of higher vis- 
cosity could not be absorbed into the mi- 
nute pores and hence were equally effective 
with both porous and nonporous coals. 
Blocking of the pores and cracks to pre- 
vent penetration of the dustproofing fluid 
is being attempted by the Fuel Research 
Board; experiments using a mineral oil 
containing 1 to 2 percent raw rubber or a 
proprietary substance of molecular weight 
50,000 to 100,000 (understood to be an iso- 
butylene polymer) have shown promise. 

Numerous secondary advantages, in ad- 
dition to its primary attribute of dustless- 
ness, have been ascribed to dustproofed 
coal; most of these lack experimental con- 
firmation. Pilcher and Sherman found that 
the treatment of coal with oil reduced the 
retention of extraneous water and miti- 
gated the problem of freezing in shipment. 
In burning tests on a residential-type un- 
derfeed stoker, however, they could find no 
appreciable effect on performance attrib- 
utable to treatment with oil in the amounts 
required for dustproofing. Ambrose and 
Gaspari 103 have shown that when coal was 

102 Dept. Sci. Ind. Research (Brit.), Fuel Re- 
search Board Rept. (1938), pp. 89-96. 

103 Ambrose, H. A., and Gaspari, H. J. R., Coal 
Age, 42, 252-4 (1937). 
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treated with a sufficiently nonviscous oil 
the clogging of the pores and filming of the 
surfaces that resulted reduced the oxida- 
tion rate of the coal and hence decreased 
its tendency toward spontaneous heating. 
Only with the coarser sizes of coal, how- 
ever, was the amount of oil necessary to 
obtain this effect within the limit economi- 
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cally feasible in dustproofing. The finer 
sizes of coal, those less than 8 or 10 mesh, 
offered so much surface that the amount 
of oil required was excessive. 

A review of the literature on dustproof- 
ing was made by Schmidt 104 in 1937. 

104 Schmidt, L. D., TJ. S. Bur. Mines, Circ. 
0933 (1937), 10 pp. 
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CONDITION OF WATER IN COALS 
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The nature of the source material from 
which coal is formed, the eoalification proc- 
ess, subsequent experiences of this material 
on its way from seam to market, as well as 
the many transformations through which it 
may go in utilization, all combine in mak- 
ing water an important component of coals 
from both the scientific and the practical 
point of view. Coal is formed from vege- 
tation that has accumulated and decayed 
in swamps. Vegetation itself has a high 
percentage of water which is to some ex- 
tent both physically and chemically bound. 
The water percentage is increased in the 
process of peat formation in the swamp. 
The swamp presents us with a mechanical 
mixture of vegetation, water, and minerals. 

During the eoalification process when the 
swamp vegetation is changed first to peat 
and later to coal, varying amounts of w r ater 
are present at different stages. In general, 
the progress of this process is marked by 
continual elimination of water, particularly 
in thedater stages. This is apparent from 
a comparison of the moisture contents of 
the different ranks of coal from lignite to 
anthracite. 

Many coals are washed with water dur- 
ing preparation for market; water is- pres- 
ent in most mines and circulates through 
many coal seams; and frequently coal is 
subject to natural rainfall in transport or 


in storage. Occasionally, firemen add water 
to coal prior to firing. 

Thus it is seen that water plays an im- 
portant role during the entire course of 
the gigantic chemical process from carbon 
dioxide through plants, peat, lignite, the 
various ranks of coal, and back to carbon 
dioxide. From the practical as well as the 
scientific angle it is important to know 
something of the condition of water in coal. 

Quantitative Determination of Water 
in Coal 

That the quantitative determination of 
water in coals of various ranks presents a 
problem of great difficulty is attested by 
the many scientists who have studied the 
problem and the many methods that have 
been proposed for the determination. 
Three factors involved in the problem are 
of paramount significance. One is the de- 
sire for a rapid, simple method; the second 
is the lack of a satisfactory definition of 
the water in coal; and the third is the dif- 
ficulty of obtaining a satisfactory sample 
for moisture determination. Were all the 
moisture in coal present as free water pos- 
sessing a normal vapor pressure, it would 
be a relatively simple matter to drive it 
off at a temperature slightly above the 
boiling point, absorb it in a suitable ab- 
sorbent, and weigh it. According to Terres 
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and Kronacher, 1 Richardson, working un- 
der Liebig's direction, in 1838 brought up 
the question of hygroscopic or chemically 
bound water, and concluded from experi- 
ments involving weight losses at 100 and 
185° C that there were chemical compounds 
of water in coal. Moreover, the very care- 
ful work of Mack and Hulett and of Hu- 
lett, Mack, and Smythe 2 demonstrated 
that drying at 105° C for 1 hour was in- 
sufficient to remove all the water originally 
present as such, but that additional water 
was given off continuously as the tempera- 
ture of drying was increased. Water of de- 
composition was not given off by the coals 
that they tested until a temperature of at 
least 275° C was reached. By their method 
of direct determination, upwards of 30 per- 
cent more water was obtained than by the 
normal standard method. 

According to Somermeier, 3 lignitic coals 
give up their moisture more slowly than 
harder coals. Barrett, Foott, and Reilly 4 
showed that water given off at 200° C in 
atmospheres of carbon dioxide, carbon 
monoxide, hydrogen, and nitrogen for seven 
days was in each gas slightly in excess of 
moisture as determined at 105°. 

In general, it is customary to consider 
the water content of coals as being that 
water which exists as H 2 0 and can be 
driven off at 105° C or, at most, at the 
boiling point of xylene. This leaves out of 
consideration the water held very tena- 
ciously as such, as well as the water of de- 
composition. 

Both direct and indirect methods have 
been proposed for the determination of 

1 Terres, E., and Kronacher, H. K., Gas - u. 
Wasserfach, 73, 645-51 (1930). 

2 Mack, E., and Hulett, G. A., Am. J. Sci., 43, 
89-110 (1917). Hulett, G. A., Mack, E., and 
Smythe, C. P., ibid., 45, 174-84 (1918). 

3 Somermeier, E. E., J. Am. Chem. Soc ., 28, 
1630-8 (1906). 

4 Barrett, Wi J., Foott, C. H., and Reilly, J., 
J. Soc. Chem. Ind ., 47, 142-3T (1928). 


the water as defined in the preceding 
paragraph, the indirect being the more 
prominent. 

INDIRECT METHODS 

All the earliest attempts at coal analysis 
involved determination of loss in weight in 
a drying oven. Thus 1 Kerl in his Probier- 
buch was satisfied with drying a weighed 
sample in an air bath at 120-150° C, cool- 
ing in a desiccator, and weighing, while 
Muck kept the sample 2 hours between 
tw r o watch glasses, yet said for accurate re- 
sults one must work in an air bath joined 
to an air pump. Hinrichs 5 believed that 
the moisture content of finely pulverized 
coal could be determined by loss in weight 
when kept at 115° C for 1 hour. Accord- 
ing to him, large particles gave unreliable 
results and a time limit was necessary be- 
cause original loss in weight was followed 
by a gain in weight attributed to oxidation. 
Thus it was early recognized in coal re- 
search that the problem of moisture deter- 
mination in coals was complicated by other 
factors such as absorption of gases or loss 
of substances other than water during the 
drying process. Many investigators 6 have 
noted that carbon dioxide, methane, and 
nitrogen may be given off in measurable 
quantities at the temperature of boiling 
water. 

Grave concern was felt both in this coun- 
try and abroad with the existing technique 
for analysis of coals during the first decade 
of this century. It was evident that a real 

5 Hinrichs, G., Z. anal. Chem., 8, 132-4 
(1869). 

6 Richters, E., Dinglers Polytech. J 190, 
398-401 (1868), 195, 315-31, 449-58 (1870), 
196, 317-35 (1870). Yon Meyer, E., J. pralct. 
Chem., 5, 144-83, 407-27 (1872). Parr, S. W., 
and Barker, P., Univ. Illinois , Bull. 32 (1909), 28 
pp. Kropf, H. L., Bet Gas, 38, 233-4 (1918). 
Monro, A. D., J. Soc. Chem. Ind., 41, 129-32T 
(1922). Schoorl, N. f Chem. Weekblad, 21, 393-5 
(1924). Thom, W. T., Colliery Guardian, 130, 
558-9 (1925). 
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need for standardization existed. Studies 
were conducted by a joint committee of the 
American Society for Testing Materials and 
the American Chemical Society as well as 
by an international committee on analysis. 
The work of the American committee re- 
sulted in a standard method for determina- 
tion of water which is essentially the same 
as the present A.S.T.M. standard method. 7 
The international committee recommenda- 
tions 8 are in substantial agreement with 
the conclusions of the joint committee of 
the American Society for Testing Materials 
and the American Chemical Society. Field- 
ner and his associates have reviewed the 
work since 1S99 of different committees ap- 
pointed to study and devise methods of 
testing coal and coke. 9 

Other indirect methods have been pro- 
posed from time to time. Some of these 
have no advantages and some disadvan- 
tages over the standard method. Thus 
drying over sulfuric acid or other drying 
agent in a desiccator is time consuming and 
does not always remove as much water as 
the standard method. 10 The results ob- 
tained by the use of the Ihlow apparatus 
and drying to constant weight at the boil- 
ing point of xylene in a vacuum do not al- 
ways agree among themselves. 11 

7 Noyes, W. A., J. Inch Eng. Chem ., 5, 51T-2S 
(1913). Stanton, F. M., and Fieldner, A. C., 
U. S. Bur. Mines, Tech. Paper S (1913). 42 pp. 
Fieldner, A. C., 27. 8. Bur. Mines, Tech. Paper 
76 (1914), 58 pp. Am. Soc. Testing Materials , 
Standards 1939, Pt. Ill, 15-22. 

s Holloway, G. T., and Coste, N., Kept. Intern. 
Com. on Anal., 8th Intern. Congr. Applied Ghem., 
1912, 77-135. Lessing, R., Orig. Communica- 
tions, 8th Inter n. Congr. Applied Ghem., Appen- 
dix Sections I to V, 25, 41-90 (1912). 

9 Calkins, W. B., Fieldner, A. C., Fulweiler, 
W. H., Selvig, W. A., Intern. Congr. Testing Ma- 
terials 1927, II, 641-5. 

10 Huntly, G. N., and Coste, J., J. Soc. Chem. 
Ind ., 32, 62-7 (1913). 

11 Ihlow, F., Chem.-Ztg 47, 185-6 (1923). 
Blaeher, C., and Girgensohn, G., ibid., 4S, 357-71 
(1924). Yo ndraeek, R., and Mosendz, L., Brenn- 
stoff-Chem., 12, 445-6 (1931). 


The use of the dielectric constant as a 
function of the moisture content has been 
proposed for determining the percentage 
of water in brown coals and other mate- 
rials. 12 Bielenberg and Zdralek concluded 
that the dielectric-constant increase with 
increasing water content does not follow 
the law of mixtures. The dielectric con- 
stant is dependent not only on the moisture 
content but on the structure of the coal 
as well. This should be anticipated, since 
part of the water is bound to the coal sur- 
face by forces which are probably elec- 
tronic in nature. In consequence, the 
method requires frequent careful calibra- 
tion. It has found favor in the brown-coal 
industry for continuous recording of the 
moisture in coal fed to the briquetting 
plant 13 The technique is unquestionably 
applicable for this purpose since the coal 
substance is constant and the variable is 
the moisture content. 

Dolch 14 proposed a “cryohydrate” 
method as follows: 9 grams of a high- 
moisture, or 20 grams of a bituminous, 
coal is placed in an Erlenmeyer flask, and 
100 cubic centimeters absolute alcohol is 

12 Ebert, L., Angew. Chem., 47, 305-15 (1934). 
Argue, G. H., and Maass, O., Can. J. Research, 
13B, 156-66 (1935). Van Steenbergen, B., Het 
Gas, 55, 137—9 (1935). Kotkov, S. A., Zavod- 
skaya Lab., 5, 358-9 (1936). Arnold, E. A., J. 
Inst. Fuel, 10, 418-9 (1937). Knoke, S., Z. 
Elektrochem., 43, 749-51 (1937). Bielenberg, W., 
and Zdralek, O., Braunkohle , 3S, 699-702 (1939). 

13 Erimescu, P., Braunkohle, 31, 868-70 

(1932). Velten, O., ibid., 36, 565-9 (1937). 

Schultz, F., ibid., 38, 393-7, 415-19 (1939). 

14 Dolch, M., Proc. 2nd Intern. Conf. Bitumi- 

nous Coal, 2, 425-47 (1928). Dolch, M., and 
Strube, E., Z. oberschles. berg- und liuttenmann. 
Ver. Katowice, 68, 349-52 (1929) ; Dolch, M., 
Pochmuller, E., and David, M., Chem . App., 16, 
137, 151 (1929) ; Braunkohle, 2S, 429-34 (1929). 
Dolch, M. f Brennstoff-Chem., 11, 429-32 (1930) ; 
Dolch, M., Montan. Rundschau, 23, 193-8 

(1931) ; Brennstofftechnisches Praktikum, Wil- 
helm Knapp, Halle, 1931, *148 pp. Thau, A., Gas 
World, 92, No. 2378, Coking Sect. 10 (1930). 
Mikulina, N. V., Karelin, A. I., and Shakhno, A. 
P., Coke and Chem. ( U.S.S.R. ), 4, 60-4 (1934). 
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added. The mixture is boiled for 2 min- 
utes and then cooled and filtered through a 
folded filter. The first filtrate is discarded, 
and then a sample of 25 cubic centimeters 
is mixed with 25 cubic centimeters of pe- 
troleum oil. This mixture is warmed until 
clear and then cooled with rapid stirring 
to the cloud point. The temperature of 
the cloud point is a function of the water 
content which is read from a calibration 
chart. A determination can be made in 10 
minutes. Dolch claimed that the method 
removed adsorbed water also and that 
the results were higher than with other 
methods. 

Methods have also been proposed which 
depend upon measuring the dilution of a 
reagent when used to treat the coal. 15 
Thus Fischbeck and Einecke proposed to 
determine water content by treating a 
weighed sample with cold glacial acetic 
acid and determining the water from meas- 
urement of the conductivity of the liquid. 
Greenfield and Dummett suggested treat- 
ing with standard acid and determining the 
dilution by titration with standard alkali 
solution. Both these methods are open 
to objection if soluble minerals such as 
calcium carbonate are present, although 
Greenfield and Dummett suggested a pro- 
cedure to correct for soluble minerals. 
However, this “is only carried out when 
the tester has reason to believe from his 
general knowledge and experience that the 
result given by the original titration is 
high.” 

Taubmann 16 has applied the method of 
Zerewitinoff which involves the measure- 
ment of methane formed by the following 
reaction: 

is Fischbeck, K., and Einecke, E., Z. Elektro- 
chem., 35, 765-9 (1929). Stan worth, S., Trans. 
Am. Ceram. Soc., 32, 443 (1933). Greenfield, G. 
J., and Dummett, G. A., Fuel, 16, 183-8 (1937). 

16 Zerewitinoff, T., Z. anal. Cliem., 50, 680—91 
(1911). Taubmann, A., ibid., 74, 161-7 (1928), 


2CH 3 MgI + H 2 0 = 2CH 4 + Mgl 2 + MgO 

The method is cumbersome and expensive 
since water-free pyridine and pure magne- 
sium methyl iodide are required. A similar 
gasometric method suggested first by Du- 
pre 17 for other materials depends upon the 
reaction between calcium carbide and mois- 
ture with measurement of the acetylene 
formed. Indirect methods of this type 
have found little favor. 

Other miscellaneous indirect methods de- 
pend upon the measurement of density of 
alcohol after leaching sample with water- 
free reagent, 18 change in conductivity of 
coal with varying moisture, 19 measurement 
of refractive index of reagent used for 
leaching the coal, 20 and measurement of 
vapor pressure of water over the sample. 21 
These are all subject to errors due to the 
nature of the sample. 

DIRECT METHODS 

The need for a direct method of deter- 
mining water in coals has been generally 
recognized for a long time. 22 In 1912, Hil- 

17 Dupre, P. V., Analyst, 31, 213-7 (1906). 
Piatschek, H., Braunkohle , 27, 49-53 (1928). 
Von Walther, R., and Bentliin, G., Braunkohlen - 
arch.. No. 23, 110-22 (1929). Ruff, O., Fried- 
ericli, C., and Ascher, E., Z. angew. Chem., 43, 
1083 (1930). Braunschweigische Kohlenberg- 

werke and Helmut Piatschek, Ger. Pat. 640,346 
(1936). Naklonov, V. A., Zavodskaya Lai)., 6, 
187-8 (1937). 

is Mannheimer, M., Ind. Eng. Chem., Anal. Ed., 

I, 154-6 (1929). 

19 Tiibben, L., Braunkohle, 25, 200-1 (1926-7). 

20 Von Walther, R., and Bielenberg, W., Braun- 
kohlenarch.. No. 25, 17-26 (1929). 

21 Swietoslawski, W., Brzustowska, H., and 

Krakowski, M., Roczniki Chem., 14, 633-9 

(1934) ; Ann. acad. sci. tech. Varsovie, 1, 115 
(1935) ; Fuel, 14, 305-6 (1935). 

22 Varrentrapp, F., Dinglers Polytech. J., 175, 
156-8 (1865), 178, 379-83 (1865). Lord, N. W., 
U. S. Geol. Survey, Bull. 323 (1907), 49 pp. ; 
U. S. Bur, Mines, Bull. 28 (1911), 51 pp. Denn- 
stedt, M., and Biinz, R., Z. angew. Chem., 21, 
1825-35 (1908). Porter, H. C., and Ovitz, F. K., 

J. Am. Chem. Soc., 30, 1486-507 (1908). Cris- 
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iebrand and Badger pointed out that 

methods for determining, in general, belong 
to the class of indirect methods, which in the 
absence of a simple reagent for water are 
most convenient and expeditious; but when 
applied to so complex and easily oxidized a 
substance as coal, a number of reactions occur 
which greatly modify the results. In general 
these reactions are: 

(а) The sensitiveness of coal to atmos- 
pheric conditions, especially when finely pow- 
dered. 

(б) The giving off of volatile substances 
other than water. 

(c) The absorption of oxygen which may 
take the form of: 

1. Oxygen added directly to the coal 
substance. 

2. Oxygen combined with carbon and 
split off as carbon dioxide. 

3. Oxygen combined with hydrogen and 
split off as water. 

field, J. A. P., J. Franklin Inst., 172, 495-502 
(1911). Archibald, E. H., and Lawrence, J. N., 
J. hid. Eng . Chem., 4, 258-62 (1912). Hille- 
brand, W. F., and Badger, W. L., Proc. 8 th 
Intern. Congr. Applied Chem., 10, 187-94 (1912). 
White, J., J. Franklin Inst., 173, 201 (1912). 
Winmill, T. F., and Graham, J. I., J. Soc. Chem. 
Ind., 33, 1000 (1914). Hinrichsen, F. W., and 
Taczak, S., Die Chemie der Kohle , W. Engel- 
mann, Leipzig, 1916, p. 313. Boddaert, R. J., 
Het Gas, 42, 121-4 (1922). Rutten, J., Ibid., 
42, 59-63 (1922). Lunn, C. A., and Knobloeh, 
G. H., Am. Gas Assoc. Monthly, 4, 571-6 (1922). 
Dept. Sci. Ind. Research (Brit.) Fuel Research, 
Phys. Chem. Survey Natl. Coal Resources, 2 
(1923), 28 pp. Kreulen, D. J. W., Fuel, 5, 345-6 
(1926). Norlin, E., Intern. Congr. Testing Ma- 
terials, II, 674-83 (1927). Dolch, M., and 
Reinhardt, K., Braunkohle, 28, 709-16, 736-41, 
753-9 (1929). Somija, T., and Hirano, S., J. 
Soc. Chem. Ind. Japan , 32, Suppl. Binding 247-8 
(1929). Koelsch, H., Gas- u. Wasserjach , 73, 
1047-50 (1930). simek, B. G., Ludmila, J., and 
Stanelova, B., Mitt. Kohlenjorschungs Inst. Prag, 
1, No. 4, 242-53 (1932). Rzymowska, C., Prze- 
mysl Chem., 16, 265-7 (1932). Midland Coke 
Research Committee, Report of Progress during 
1932, Anon., Gas World, 99, No. 2552, Coking 
Sect. 78-5 (1933) ; Gas J., 202, 916 (1933). 
Karmaus, H. J., Emailwaren-Ind 10, 144-5 
(1933). Merlin, A., Hfh Congr. chim. ind., 
Paris, October, 1934, 8 pp. Stadnikoff, G. L., 
Khim. Tverdogo Topliva, 5, 193-200 (1934). 

Kaiser, M., and Spallek, F., Braunkohle, 38, 65- 
70. 84-91 (1939). 


These authors also pointed out the influ- 
ence of atmospheric humidity on air-drying 
losses. To these complicating factors must 
be added the fact that all the water in 
many coals is not given off until tempera- 
tures upwards of 275° C are reached, 2 and 
that gases may be absorbed by many coals. 

The earliest experiments seeking a di- 
rect determination of moisture in coal de- 
pended on driving the water off in a cur- 
rent of heated air or other gas, absorbing 
it in a drying tube, and noting the gain in 
weight. 23 In general the method is consid- 
ered too cumbersome for technical use. If 
air is used, oxidation may result in forma- 
tion of carbon dioxide and water as has al- 
ready been noted. 

Schlapfer, 24 applying the principle of 
distillation with a liquid immiscible with 
water (cf. Graefe who used “solar oil” 25 
and Hofmann-Marcusson who used distil- 
lation with xylene for determination of 
water in tars, etc. 26 ), published in 1914 the 
results of a very careful study of the deter- 
mination of water in coal by distilling the 
sample with xylene. He pointed out the 
chief sources of error, namely, faulty cali- 
bration of the buret in which the volume of 
water is read, correction for the meniscus, 
and correction for loss on walls of appara- 
tus, etc. The method gave results com- 
parable with those obtained by drying the 
coal at 100° C in a current of dry nitrogen 

23 See Lessing, R., pp. 65-8 of ref. 8. Teed. 
P. L., J. Gas Lighting, 122, 744 (1913). Win- 
mill, T. F., Colliery Guardian , 111 , 1090 (1916). 
Groppel, H., Chem.-Ztg., 41, 413-4, 431-4 (1917). 
Staemmler, C., ibid., 54, 928 (1930). Vetter, F., 
Mikrochemie, 4, (2), 407-8 (1932). De Waard, 
S., and van Beek, F., Chem. Weekblad , 29, 598- 
603 (1932). Eck, F., Gas- u. Wasserjach, 76, 
477-8 (1933). 

24 Sebliipfer, P., Z. angctc. Chem., 27, 52-6 
(1914). 

25 Graefe, E., Braunkohle , 4, 581-3 (1905-06). 

26 Marcusson, J., Mitt. kgl. Materialpriifungs- 
amt Gross-Lichterfelde West, 22, 48-9 (1904) ; 
23, 58 (1905). 
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followed by absorption in calcium chloride 
of the water given off and determination of 
the gain in weight. The results obtained 
by the generally accepted loss-in-weight 
method were lower. Many other scientists 
have also used this method, and it has 
found considerable favor, particularly as a 
research method. Liquids other than xy- 
lene have also been used, and many designs 
of apparatus have been proposed. 27 

GENERAL COMPARISONS OF METHODS 

A number of extensive studies have been 
made on the problem of water determina- 
tion since the reports of the joint American 
and international committees. 

27 My hill, A. R., Gas J., 150, 21 (1920). Auf- 
hauser, D., Chem.-Ztg ., 40, 1149 (1922) ; Z. an- 
gew. Chem., 30, 197 (1923). Delmarcel, G., and 
Mertens, E., Bull. fiddration hid. chim. Belg., 
No. 1, 9-18, 109-18 (1922). Mertens, E., ibid ., 
No. 9, 361-4 (1922). Liese, E., Chem.-Ztg., 47, 
438 (1923). Erdmann, E., Jahrb. Halleschen 
Verbandes , 1924, 387—90 ; Braunlcohle , 23, 49—56 
(1924-25). Schaefer, K., Chem.-Ztg ., 48, 761 
(1924). Ivreulen, D. J. W., Chem. W eekblad, 21, 
174-6 (1924), 23, 476-7 (1926). Kattwinkel, 
R., Chem.-Ztg 50, 927 (1926). Normann, W., 
ibid., 50, 49 (1926). Dolch, M., and Gieseler, K, 
Braunlcohle, 27, 581-7, 608-13 (1928). Tausz, 
J., and Rumra, II., Gas- u. Wasserfach, 71, 417— 
20 (1928). Bunte, K., Trans. Fuel Conf., World 
Power Conf., London, 1928, 2, 467-81 (German), 
481-93 (English) (1929) ; Gas- u. Wasserfach, 
72, 124-7 (1929). Casimir, E. E., and Popescu, 
A., Inst. geol. Romdniei, Compt. rend., 13, No. 2, 
1-18 (1929). Faber, A., Z. angew. Chem., 42, 
406-7 (1929). Mikulina, N. V,. Korelin; A. I., 
and Shakhno, A. P., Izvest. Vsesoyuz. Teplotekh. 
Inst., 1932, 933-50. Pieters, H. A. J., and Koop- 
mans, H., Chem. W eekblad , 29, 509-13 (1932). 
Stansfield, E., and Gilbart, K. C., Trans. Am. 
Inst. Mining Met. Engrs., 101, 125-43 (1932). 
Zikeev, T. A., and Podzharskaya, D. A., Trans. 
Thermo-Tech. Inst. (Moscow), 1934, No. 2, 31—4; 
Zavodskaya Lab., 1, No. 11/12, 18-22 (1932). 
Pieters, PI. A. J., and Smeets, G., 1 let Gas, 53, 
322-5 (1933). Shakhno, A. P., Zavadskaya Lab., 
3, 198-201 (1934). Wood, W. H., Combustion, 
7, No. 2, 16 (1935). Alexander, H. B., Ind. Eng. 
Chem., Anal. Ed., 8, 314 (1936). Thielepape, E., 
and Fulde, A., Z. Wirtschaftsgruppe Zuckerind., 
Tech. Tl., 87, 333-42 (1937). 


In 1914, Hinrichsen and Taczak 28 tested 
the following eight methods of determining 
water in coal: 

1. Drying in an open flat crucible in air 
in an oven at 105° C for 1 hour. 

2. Drying in a covered crucible in air in 
an oven at 105° C for 1 hour. 

3. Drying in an open flat crucible in an 
oven filled with carbon dioxide at 105° C 
for 1 hour. 

4. Drying in a crucible set in a beaker 
which was kept filled with carbon dioxide 
in an oven at 105° C for 1 hour. 

5. Distillation in toluene. 

6. Distillation in xylene. 

7. Distillation in cumene. 

8. Heating to 100° C in an open crucible 
in a vacuum oven for 1 hour. 

The highest results were obtained by 
method 8, and the next highest by method 
6. Hinrichsen and Taczak attributed the 
higher results obtained by heating in a 
vacuum to the loss of noncondensable 
gases and recommended the xylene distil- 
lation method. Apparently they made no 
attempt to distinguish between the mois- 
ture and permanent gases given off in a 
vacuum. 

Broche tried the methods of drying sam- 
ples in air and in carbon dioxide at 105° C 
as well as distilling in xylene. 29 He varied 
the size of sample, the drying time, and the 
shape of the drying dish, and he came to 
the following conclusions: The most exact 
method is that of distillation with xylene. 
Drying for 1 hour at 105° C in carbon di- 
oxide gave results that agree with xylene 
distillation method within limits of accu- 
racy. Drying at 105° C in air is not satis- 
factory for younger coals but is sufficiently 
accurate for bituminous coals if the proper 
procedure is followed, namely, drying a 3- 

28 Hinrichsen, F. W., and Taczak, S., Mitt. kgl. 
Materialpriifungsamt, 32, 283-91 (1914). 

29 Broche, H., Braunlcohle, 26, 5-9 (1927). 
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gram sample for 1 hour at 105° C in a 
flat dish. 

The question of determining water in 
coals has received more attention in Ger- 
many than elsewhere because of the great 
importance of the high-moisture coals of 
central Europe and the realization of the 
importance of moisture control in briquet- 
ting. In 1929 a prize contest was held by 
the Deutsche B raunkohlenindustrie Yerein 
and the Mitteldeutsche Ostelbische und 
Rheinische Braunkohlen Syndikat for a 
quick method applicable to brown coals of 
5 to 25 percent water content with an ac- 
curacy of ±0.5 percent. The control anal- 
ysis was made by means of the xylene dis- 
tillation method. In all, some 47 different 
methods were proposed. According to 
Hirz, 30 awards were made as follows: (1) 
“Deka” method involving measurement of 
the dielectric constant; (2) “Brikettmeis- 
ters-freude” apparatus which heats coal to 
150° C and condenses the water and meas- 
ures the volume; (3) Ilubierschky method 
involving distillation with amyl alcohol; 
(4) Muller’s method of treating brown coal 
with 40 percent acetic acid and titrating 
with 0.5 A 7 NaOH using phenolphthaiein 
indicator; (5) cold extraction with glacial 
acetic acid and determination of the con- 
ductivity; (6) sulfuric acid method which 
depends upon heat evolved when coal is 
dropped into the acid and shaken. The 
tests of the methods were all made in a 
single laboratory; both speed and accuracy 
were given consideration in the award, but 
time was the essence. 

Of considerable interest is a series of ex- 
periments on certain coals carried out in a 
number of technical laboratories and re- 
ported by Holthaus. 31 Two bit um inous 
coals of approximately 0.85 and 5 percent 

30 Hirz, H., Braunkohle, 28, 101-10 (1929). 

31 Holthaus, C., Arch . Eisenhiittenw., 5, 149- 
62 (1931). 


water content and two brown coals of 
about 14 and 60 percent water content 
were prepared as standard samples. Test 
samples were submitted to seven different 
laboratories, and many tests were made. 
The methods tested included (1) xylene 
distillation according to Erdmann; 27 (2) 
loss in weight on drying at 105° C in dry- 
ing oven; (3) drying in vacuum by method 
of Ihlow; 11 (4) drying at 105° C and cap- 
ture of water in reagent; (5) Kubierschky 
amyl alcohol method (cf. Faber 27 ); (6) 
cryoscopic method of Dolch and Strube; 14 
(7) Zerewitinoff method; 16 and (8) tech- 
nical method of drying large sample over- 
night. 

Because of the general acceptance of the 
xylene distillation method abroad, the Erd- 
mann 27 technique followed in these tests is 
described here. For accurate results cor- 
rections must be made for buret errors, for 
meniscus, and for water loss by droplets on 
walls. Erdmann corrected for meniscus 
and buret calibration by filling the tube 
almost to the mark with xylene, dropping 
in, successively, weighed amounts of water, 
and reading the meniscus each time. By 
many control experiments he determined 
that 99.5 to 100 percent of the known wa- 
ter content is measured. In the Holthaus 
experiments, calibration was made by dis- 
tilling weighed amounts of water with xy- 
lene. .The method of analysis was as fol- 
lows: 100 grams of bituminous coal was 
placed in a 500- to 600-milliliter Erlen- 
meyer flask with 200 milliliters of xylene 
and well shaken (with brown coal a sample 
was taken to give about 3 to 6 cubic centi- 
meters of water on distillation) . To elimi- 
nate hanging up, the apparatus was cleaned 
with steam, then with sodium bichromate 
in 80 percent sulfuric acid, then with dis- 
tilled water followed by steaming for 10 
minutes, and finally with dry air. The 
flask was warmed slowly at the beginning 
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so that the first drops of water passed over 
in 10 minutes, then faster so that 150 cubic 
centimeters of distillate came over in 45 
minutes. 

The conclusions from these studies were: 

1. The xylene distillation method gives 
values within limits of accuracy for coals 
of every water content met in practice. 
The limits of error were 0.85 ± 0.05 per- 
cent, 5.1 d= 0.1 percent, 14.3 ± 0.3 percent, 
58.9 ± 0.7 percent. 

2. Drying at 105° C in oven is not satis- 
factory. Coal sorbs air during heating and 
cooling. With some coals, oxidation and 
loss of volatile matter also occur. 

3. Of all indirect methods, drying in a 
vacuum and determining loss in weight 
gives values freest of objection. 

4. Satisfactory results can be obtained 
by drying and sorbing water in phosphorus 
pentoxide, etc., but the method is cumber- 
some and hence not recommended. 

5. The Kubierschky method is useful for 
high water content. 

6. The cryoscopic method is fast and 
gives results that check with those by xy- 
lene distillation. 

7. The magnesium methyl iodide method 
is not accurate. 

8. Drying of a large sample at 105° C 
overnight meets all industrial requirements 
of accuracy and speed. 

Other, similar series of experiments have 
been made. Of special interest is that re- 
ported by Fieldner, Cooper, and Osgood, 32 
which gave close checks in results of 25 
different laboratories. Circulation of dry 
air sufficient to change the volume of air 
in the oven three or four times per minute 
is necessary for the moisture determination. 

Miscellaneous Considerations. The need 
for a rapid method of reasonable accuracy, 

32 Fieldner, A. C., Cooper, H. M., and Osgood, 
F. D., U. S. Bur. Mines, Repts. Investigations , 
2432 (1923), 11 pp. 


and under some circumstances for a con- 
tinuous method, has led to the develop- 
ment of special techniques in Germany. 
Some of these have already been referred 
to (cf. Hirz 30 ). Others patented and on 
the market depend on various principles 
already discussed. 33 

Furthermore, there has been a desire to 
distinguish between surface and other 
forms of moisture. 34 This specialized prob- 
lem will be touched on in later sections of 
this chapter. 

Air drying of the sample prior to chemi- 
cal analysis in itself presents a problem, as 
will be evident from later discussion of the 
subject, because of the dependence of the 
moisture content on the humidity as well 
as the temperature of the drying atmos- 
phere 35 

SUMMARY 

The problem of the determination of 
moisture in coal for practical purposes is 
different in the United States and in con- 
tinental Europe. Our commercially impor- 
tant coals are of relatively low water con- 
tent, whereas the high-moisture brown 
coals of Europe are very important. On 
the low-moisture coals great accuracy is 
not so essential if one considers the subject 
from the standpoint of the dry material. 
Thus even on a coal with 10 percent wa- 
ter a limit of error of ±0.5 percent repre- 
sents an accuracy of almost 0.5 percent on 
the dry material. The present standard 
method is generally satisfactory for prac- 
tical purposes. Chemists realize that the 

33 Brabender, C. W., U. S. Pat. 2,047,765 
(1936). Deutsche Erdol A.-G., Ger. Pat. 636,316 . 
(1936). Braunscliweigische Kohlenbergwerke und 
Helmut Piatschek, Ger. Pat. 640,347 (1936). 

34 Guy, T. W., Am. Inst. Mining Met . Engrs., 
Tech. Pub. 935 (193S), 20 pp. 

35 Stansfield, E., Trans. Can. Inst. Mining Met., 
26, 292-7 (1923). Partington, N., Gas Engr., 
47, 27-8 (1930). Davidson, W. B., Fuel Econ. 
Rev., 9, 5—14 (1930). Bruere, M., Ann. fals., 24, 
268-73 (1931). McCullough, W. C., Am. Inst. 
Mining Met. Engrs., Contrib. 109 (1938), 4 pp. 
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results represent a loss in weight under 
fixed conditions. Moreover, the results can 
be duplicated with reasonable agreement 
by different analysts, and a considerable 
body of useful data has been built up. To 
attempt to distinguish the different condi- 
tions of water in coals would involve pro- 
cedures that would be relatively compli- 
cated and time consuming. Furthermore, 
much greater care would have to be taken 
in obtaining the sample. This is generally 
recognized, as witness the provisions in the 
A.S.T.M. Standards 36 for obtaining special 
moisture samples. 

For research purposes, it is often desir- 
able to determine water with assurance and 
accuracy. In most instances distillation 
with xylene, if carefully applied, will serve 
the purpose, though it should be empha- 
sized that the method is not foolproof. In 
Europe, particularly in Germany, it has 
found great favor, a fact which is readily 
understandable in view of the nature and 
moisture content of brown coals. However, 
other special methods will be devised from 
time to time to serve specific research pur- 
poses. Certainly the importance of an ac- 
curate estimation of water in coal cannot 
be overstressed, since many other factors 
depend on it. Thus it is questionable that 
an exact estimation of hydrogen in dry 
coal substance has ever been made, since 
some of the hydrogen reported for the 
analysis may have been derived from water 
in the coal. 

The Nature and Classification of 
Coals 

The role of water in the coalification 
process and its relation to the nature as 
well as the classification of coals are still 
moot questions. Much more experimental 
investigation, interpretation, and thought 

36 Am. 8oc. Testing Materials , Standards, 1939, 
Pt. Ill, p. 14. 


will be required before final answers to 
these problems are available. Nor are 
these questions merely of academic inter- 
est, because answers to many practical 
problems would be available if the com- 
plete story of the role of water in coal were 
known. 

Water and coal form both mechanical 
and physical mixtures. Thus part of the 
water occurring in coal may be termed 
“free” water; this part has a normal vapor 
pressure and may be removed by purely 
mechanical processes. Part of the water, 
on the other hand, termed “bound” water, 
constitutes one component of a physical 
mixture. This water has a vapor pressure 
lower than normal and a lower specific 
heat, Kopp’s rule not holding . 37 

Various terms have been used by investi- 
gators to differentiate between “'free water” 
and other forms of water in coal. Thus 
one finds the terms “inherent,” “hygro- 
scopic,” “bound,” and “combined” used by 
many authors, either interchangeably or 
with no very definite distinctions between 
them, or sometimes with empirical defini- 
tions given . 3 * 38 Vondracek emphasized that 
there is no satisfactory way of determining 
the hydroscopicity of coal . 39 Gauger 37 

37 Porter, H. C., and Taylor, G. B., J. Ind. 
Eng. Chem ., 5, 2S9-93 (1913). Porter, H. C., 
and Ralston, O. C., XJ. 8. Bur. Mines, Tech. 
Paper 113 (1916), 2S pp. Coles, G., Colliery 
Guardian , 126, 973-4 (1923) ; J. 8oc. Chem. Ind., 
42, 435-9T (1923). Gauger, A. W., Trans. Am. 
Inst. -Mining Met. Engrs ., 101, 148-61 (1932). 

38 Kossmann, B., Oesterr. Z. Berg- u. Hiittenw., 
37, 471-74 (1889). Richters and Muck, cf. Hin- 
riehsen, F. W., and Taczak, S., p. 107 of ref. 22. 
Kempf, R., Mitt. Jcgl. Materialpriifungsamt, 37, 
178-227 (1920). Kammerer, V., and Guth, J., 
Fuel, 2, 389-43 (1923). Mott, R. A., Trans. Fuel 
Con f., World Power Conf., London, 1928 , 1, 341- 
58 (1929). Iki, S., J. 8oc. Chem. Ind. Japan, 32, 
Suppl. Binding 371-2 (1929). Koda, R., Proc. 
World Engr. Congr., ToJcyo, 1929, 32, 269-70 
(1931). Matschak, H., BraunJcohlenarch., No. 
44, 46-9 (1936). 

39 Vondracek, R. f Trans. Fuel Conf., World 
Power Conf., London, 1928, 1, 281-4 (1929). 
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stated that “water recoverable from coal 
is obtained from the following sources: (1) 
decomposition of organic molecules (some- 
times called ‘combined’ water) ; (2) surface 
adsorbed water; (3) capillary condensed 
water; (4) dissolved water; and (5) water 
of hydration of inorganic constituents of 
the coal.” These, of course, are in addi- 
tion to mechanically admixed water. One 
must frankly admit that there is at present 
no method of distinguishing between the 
amounts of water existing in coal in these 
various ways. 

VAPOR PRESSURE OF WATER IN COALS 

The most important technique in the 
study of water in coal has been the deter- 
mining of the vapor pressure at varying 
water contents. In general, the procedure 
involves either the direct measurement of 
the vapor pressure of water at different 
water content of the coal or the equilibra- 
tion of the sample with controlled humidi- 
ties. 40 Typical results obtained by studies 
of the vapor-pressure-moisture content re- 
lationships of coals, lignites, and other ma- 
terials are shown in Fig. 1. The hysteresis 
in the curves is particularly noteworthy. 

Comparison of the results obtained on 
lignite with the work of van Bemmelen, 
Zsigmondy, Anderson, and others indicates 
that lignites and coals retain part of their 

40 Moore, B., and Sinnatt, F. S., J . Chem. Soc ., 
123, 275-9 (1923). Moore, B., J. Soc. Chem. 
Ind., 44, 200-5T (1925). Raithel, K., Braunkoh- 
lenarch., No. 16, 1-77 (1927). Kreulen, D. J. 
W., and Ongkiehong, B. L., Brennstoff-Chem., 10, 
317-21 (1929). Lavine, I., and Gauger, A. W., 
Ind. Eng. Chem., 22, 1226-31 (1930). Larian, 
M., Lavine, I., Mann, C. A., and Gauger, A. W., 
ibid., 1231-34 (1930). Gauger, A. W., ref. 37. 
Gordon, M., Lavine, I., and Harrington, L. C., 
Ind. Eng. Chem., 24, 928-32 (1932). Stansfield, 
E., and Gilbart, K. C., ref. 27. Krainer, H., 
Braunkohle, 32, 937-41 (1933). Kuhn, H., ibid., 
33, 321-3 (1934). Saiiberich, K., Braunkohlen - 
arch.. No. 48, 1-21 (1937). Rees, O. W., Reed, F. 
H., and Land, G. W., Illinois State Geol. Survey, 
Rept. Investigations, 38, 1-28 (1939). 


moisture in much the same way that peat, 
wood, charcoal, and silica gel do. 41 The 
abnormal vapor pressures as well as the 
hysteresis may be explained if it is assumed 
that coals consist in part of a colloidal mass 
with the properties of a nonswelling gel. 
Such a structure was proposed for German 
brown coal by Winter in 1913 on the basis 
of certain optical properties. 42 If it is con- 
ceded that the colloidal ground mass has 
a spongelike structure with capillaries of 
varying radii, these capillaries may be con- 
sidered as holding liquid water, the menis- 
cus being concave towards the vapor. This 
will account for the lowering of the vapor 
pressure. 

Since the phenomenon is much more pro- 
nounced in the lower-rank coals, the gel 
structure may be discussed on this basis. 
A freshly mined lump of lignite loses mois- 
ture very rapidly upon exposure to the at- 
mosphere because much of the water is but 
loosely bound. The vapor pressure of this 
moisture is equal to that of a plane surface 
or, in other words, is normal. Upon fur- 
ther loss of moisture, the vapor pressure 

41 Van Bemmelen, J. M., Z . anorg. Chem., 13, 
233-356 (1897), IS, 14-36 (1898), 30, 265-79 
(1902). Zsigmondy, R., ibid., 71, 356-77 (1911). 
Zsigmondy, R., Bachmann, W., and Stevenson, E. 
F., ibid., 75, 189-97 (1912). Bachmann, W., ibid., 
79, 202-8 (1913). Anderson, J. S., Z. physik. 
Chem., 88, 191-228 (1914). Allmand, A. J., 
Chaplin, R., and Shiels, D. O., J. Phys. Chem., 
33, 1151-60 (1929). Allmand, A. J., and Hand, 
P. G. T., ibid., 33, 1161-66 (1929). Allmand, 
A. J., Hand, P. G. T., Manning, J. E., and Shiels, 
D. O., ibid., 33, 1682-93 (1929). Allmand, A. J., 
Hand, P. G. T,, and Manning, J. E., ibid., 33, 
1694-1712 (1929). Pidgeon, L. M., and Maass, 
O., J. Am. Chem. Soc., 52, 1053-69 (1930). Haw- 
ley, L. F., U. S. Dept. Agr., Tech. Bull. 248 
(1931), 34 pp. McBain, J. W., Porter, J. L., and 
Sessions, R. F., J. Am. Chem. Soc., 55, 2294-304 
(1933). Barkas, W. W., Proc. Phys. Soc. (Lon- 
don), 48, 1-17 (1936). 

42 Winter, H., Gliickauf, 49, 1406-13 (1913), 
50, 445-9 (1914). Thiel, G., ibid., 50, 88-96 
(1914). Hinrichsen, F. W., and Taczak, S., p. 
182 of ref. 22. Agde, G., and Vetter,” K. E., 
Braunkohle, 37, 135-8 (1938). 
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Fig. 1. Typical curves for coals, lignites, peat, and ^ood showing the relationship of moisture 
content to relative vapor pressure (Gauger 87 ). Analyses: 

Volatile Fixed Calorific 

Moisture Matter Carbon Ash Value 

percent percent percent percent Btu 


Lignite 35.6 27.9 30.9 5.6 7,110 

Pittsburgh 1.2 35.7 58.7 4.4 14,430 

Virginia 1.7 36.1 59.5 2.7 14,770 

Alabama 1.2 27.9 55.0 15.9 12,600 

Processed lignite 9.3 39.8 47.7 5.8 10,000 
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decreases, which may be explained on the 
assumption that water is beginning to 
evaporate from the capillaries. As the 
water is removed from smaller and smaller 
capillaries, it may be shown on purely 
thermodynamic grounds that the vapor 
pressure of the concave surface must be 
lowered. 

In fact, it is possible by means of the 
well-known Thomson 43 equation to calcu- 
late the radii of the capillary spaces in lig- 
nite if we assume that the thickness of the 
adsorbed layer is not too large a fraction 
of the capillary diameter. By calculating 
successively the percentage of water held 
in the pore radii, intervals between the 
smallest radius corresponding to 100 per- 
cent relative humidity (> 56.73 X 10~ 7 cen- 
timeter) and all the other radii, an esti- 

43 Thomson, W., Phil. Mag., (4) 42, 448-52 
(1871). Cf. McBain, J. W., The Sorption o/ 
Gases and Vapours by Solids , George Routledge 
& Sons, London, 1932, pp. 432-46. 


mate of the relative distribution of the pore 
sizes is obtained. These calculations have 
been made for the samples tested for which 
data have been given in Fig. 1 and are 
summarized in Table I. Figure 2 shows 
the distribution graphically. 

From a study of Table I certain tenta- 
tive conclusions may be drawn with refer- 
ence to the formation and structure of lig- 
nite and other coals. In going from wood 
to peat it is observed that the relative vol- 
ume of large capillaries increases. This is 
evidenced by the fact that over 50 percent 
of the water in peat is held in capillaries 
larger than 6.20 X 10~ 7 centimeter, whereas 
only 41.8 percent of the water in wood is 
held in capillaries of similar size. On the 
contrary, however, in comparing peat with 
lignite and the bituminous coals examined 
a progressive decrease in the relative vol- 
ume of capillaries of the larger sizes is ob- 
served. When the change in water content 


TABLE I 

Moisture Held within Various Pore Radii Intervals 37 

Bound Water * 


Relative 

Humidity 

Radius 

Wood 

Peat 

Lignite 

Ala. 

Va. 

Pgh. 

Processed 

Lignite 

percent cm X 10 7 
98.0 >56.73 

7.8 

18.2 

cumulative percent 

14.8 1.6 2.4 

3.9 

10.2 

90.0 


25.7 

44.7 

38.5 

15.2 

16.8 

18.3 

27.6 

84.0 

>6.20 

41.8 

52.9 

44.3 

30.4 

20.4 

29.1 

39.3 

79.2 

>4.65 

46.1 

55.9 

47.7 

34.6 

26.8 

31.7 

42.6 

76.0 

>3.93 

49.3 

58.2 

49.4 

38.7 

30.8 

34.6 

44.0 

66.0 

>2.60 

57.9 

62.9 

54.1 

50.8 

38.4 

38.9 

52.3 

52.0 

>1.65 

68.3 

68.5 

61.8 

59.7 

45.6 

51.3 

59.1 

45.0 

>1.35 

71.3 

70.6 

66.6 

61.2 

47.6 

52.6 

62.9 

33.0 

>0.97 

76.5 

76.9 

75.9 

69.1 

56.0 

61.1 

66.8 

20.0 

>0.67 

78.6 

82.9 

81.8 

80.6 

63.6 

69.9 

75.0 

14.9 

>0.57 

85.7 

87.1 

85.9 

82.7 

73.2 

73.5 

78.5 

9.2 

>0.45 

89.5 

88.5 

89.6 

86.9 

80.0 

81.1 

83.3 

3.5 

>0.32 

95.0 

94.0 

92.5 

94.2 

90.8 

91.8 

95.1 

0.0 

>0.00 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

* Percentage of bound water = 

ZjZ- e x 100, where T 
T 

= moisture at 

100 percent 

relative 

humidity, 


and E = moisture at any other humidity. 



612 


MOISTURE IN COAL 



/ « FlG * 2 * M ° istUre retaine <l as a function of capillary radius for coals, lignites, 
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during the coalification process is also con- 
sidered, it becomes evident that there has 
been an increase in pore volume in going 
from wood to peat, and a progressive de- 
crease in pore volume from peat to bitu- 
minous coal. At the same time, in the 
transformation of wood to peat there has 
been a relatively larger increase in the per- 
centage volume of large capillaries, whereas 
in the later stages of the coalification proc- 
ess the decrease in the percentage vol um e 
of large capillaries overshadows the de- 
crease in that of small capillaries. 

During the transformation from wood to 
peat, biological and chemical decay take 
place, resulting in the formation of a hy- 
drosol in which the larger portion of the 
water content is contained in capillaries of 
diameter larger than 6 X ICh 7 centimeter. 
In other words, the formation of peat from 
wood is accompanied by swelling and an 
increase in volume of large capillaries, no 
doubt due in part to biological causes. As 
the process goes on with the aid of pres- 
sure, the small pores and openings undergo 
but slight decrease in size. On the other 
hand, the large openings decrease materi- 
ally. Water is lost, and the mass becomes 
a hydrogel. As the coalification process 
proceeds to the coals of higher rank, there 
is a continual decrease in the capillaries of 
all sizes, but especially the large ones. In- 
consequence, the moisture isotherm is 
shifted more markedly to the left in the 
region of higher vapor pressure. 

This phenomenon is brought out very 
distinctly in the effect of partly dehydrat- 
ing lignite by means of saturated steam at 
high pressure. In this process 44 lignite is 
exposed to saturated steam at a pressure of 
13 atmospheres or more for a suitable 
length of time. The pressure is then re- 
leased and warm air is blown through the 

44 Lavine, I., Gauger, A. W., and Mann, C. A., 
Ind. Eng. Chem., 22, 1347-60 (1930). 


mass. When removed, the lignite has dried 
to about 15 percent water, at the same 
time retaining its original form value. 
Such processed lignite will dry to a lower 
moisture content than raw lignite under 
similar conditions. The curve for proc- 
essed lignite in Fig. 1 indicates not only 
that there has been a distinct loss in the 
relative volume of larger capillaries, but 
that the phenomenon of hysteresis has al- 
most disappeared. In other words, ap- 
parently this is an example of reversible 
sorption. However, the desorption and 
sorption graphs do not represent equilib- 
rium conditions when dealing with lower- 
rank coals. Consequently, it is not strictly 
accurate to speak in this connection of the 
vapor pressure of a low-rank coal, inas- 
much as the same value cannot be reached 
from both sides. 

The phenomenon of hysteresis occurs in 
many cases of sorption. No generally ac- 
cepted explanation is yet available, but in 
respect to lignite it can be explained on 
two assumptions: (1) the shrinking of 
lignite upon drying causes a collapse of 
some of the capillaries, and the dried ma- 
terial can no longer take up as much water 
as it held originally; (2) the replacement 
of moisture on the walls of some of the 
capillaries by adsorbed gases makes it dif- 
ficult to wet the capillaries. As a result, 
the diameter of the surface of the water 
in the capillary is diminished and the vapor 
pressure at any given water content de- 
creases accordingly. The behavior of the 
steam-dried lignite is considered good evi- 
dence in favor of the collapse of capillary 
theory. In this process, the colloidal mass 
has been set and further permanent shrink- 
age does not occur upon complete dehydra- 
tion. The effect of oxygen on the coal sur- 
face cannot be neglected; hysteresis was 
found whether the de- and rehydration 
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took place in the presence of air or in a 
vacuum. 

The coalification process appears to have 
a similar effect on lignite, for the higher- 
rank coals, if anything, appear to take up 
slightly more water upon rehydration. In 
other words, the hydration curve lies out- 
side the dehydration curve. This phase of 
the problem requires further study by 
more refined methods, because the larger 
values might also be explained by adsorp- 
tion of oxygen and nitrogen from the at- 
mosphere. In connection with the high- 
moisture coals this factor is negligible, but 
it becomes increasingly important as the 
moisture content of the coal decreases. 

With reference to the comparatively 
large quantity of water still retained by 
coals after drying over sulfuric acid at 
ordinary temperatures and atmospheric 
pressure, the meager evidence now avail- 
able indicates that water given off in a 
vacuum at temperatures between 100 and 
200° C consists mainly of adsorbed water. 
At some temperature above that point de- 
composition sets in, liberating what has 
been termed chemically “combined” water. 
It is hardly likely that such water is pres- 
ent as water of hydration of the organic 
compounds that make up the coal sub- 
stance. It is more reasonable to assume 
that the decomposition of compounds con- 
taining carboxyl groups results in a split- 
ting off of water. Nor does it seem un- 
reasonable to assume that a small fraction 
of the water considered, on the basis of 
vapor-pressure studies, as being condensed 
in capillaries really consists of surface ad- 
sorbed water. If one accepts the Lang- 
muir 45 mechanism for adsorption of gases 
on solid surfaces as being applicable to the 
adsorption of water vapor on coal surfaces, 
the process is a dynamic one and water 

45 Langmuir. I., J. Am. Cheni. Soc 38* 2221-95 
(1916). 


molecules are condensing on and evaporat- 
ing off the surface at all times. In conse- 
quence of this mechanism, as well as sur- 
face changes due to shrinkage, adsorption 
of gases, and other factors, the progressive 
drying of the coal at the lower relative 
humidities may remove some adsorbed 
water. Further study is necessary in order 
to distinguish accurately the types of 
mechanism by which water is retained by 
coal. 

Agde 4S and his coworkers believed that 
it is impossible to distinguish between the 
extraction of the capillary water and the 
adsorbed layer (that is, on the solvation 
surface). Berl and Immel, 47 on the other 
hand, led by the thought that these sur- 
faces are in part hydrophilic and in part 
hydrophobic, found it possible to extract 
water from the inner surface by means of 
aniline, cresol, and other bipolar oils, and 
to remove it by pressing. All these studies, 
of course, refer to low-rank coals. 

Rosin, Rammler, and Kayser have 
made careful mathematical analyses of 
data on vapor-tension studies from various 
sources. 48 Rosin and his co workers pro- 
posed a general equation for the vapor- 
pressure isotherms of swelling gels as fol- 
lows : 

= 100(1 - e~ b * n ) 

where e is the base of natural logarithms, 
x is the water content on dry basis in percent, 
<t> is the relative vapor pressure in percent, 
and b and n are constants. This equation 
has been tested by the author on the data 
of Rees, Reed, and Land (cf. ref. 40) and 
found to hold reasonably well. 

46 Agde, G. } and Hubertus, R., Braunkohle, 31, 
675-80 (1932). 

47 Berl, E., and Immel, A., Kolloidchem . Bel - 
liefte, 24, 181-267 (1927). 

48 Rosin, P.. Rammler, E., and Kayser, H. G., 
Braunkohle, 33, 289-94, 305-14 (1934). 
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Similar treatments have been proposed 
by others . 49 

With reference to the phenomenon of 
hysteresis, Rosin made the following com- 
ments : 

In gels one designates as hysteresis the 
phenomenon that, with equal relative vapor 
pressure, a lower content is found if the gel is 
being loaded with water compared to the 
water contents if water is removed. As cause 
for this, Zsigmondy has suspected wetting dif- 
ficulties in the pore structure. These are sup- 
posed to be caused by a change of the in- 
terior surface of a gel through adsorption of 
gases, which, however, is not true for the 
removal of water from the capillary structure 
which has not come in contact with gases. 
Recently Kubelka has reasoned from investi- 
gations of active carbons which cannot be 
considered as swelling gels that not wetting 
difficulties, but rather superheating of the 
vapor phase, is to be considered the cause of 
hysteresis phenomenon without being able to 
substantiate this deduction more closely. 
One may, therefore, say that the cause for 
the hysteresis of coal is as yet unknown. 
However, the affinity of the coal for oxygen 
is evidence for a change of the capillary 
structure taking place under drying condi- 
tions in . the presence of oxygen which one 
might think of as an aging of the capillary 
walls and that, therefore, the explanation of 
Zsigmondy covers part of the phenomenon. 
One might obtain better clarification if 
planned investigations on the dependence of 
the hysteresis on the drying atmosphere (car- 
bon dioxide, nitrogen, oxygen) and the tem- 
perature were initiated. In using Fleissner 
drying, the hysteresis disappears completely 
according to the North Dakota experiments. 
In treatment with vapor, the pore structure 
shrinks before the vapor pressure isotherm is 
determined. 

The assumption that the hysteresis phe- 
nomena are due to wetting difficulties be- 
cause of preadsorption of gases and because 
of nonuniform chemical properties of the ad- 
sorbing surface (for example, nonactive sur- 
face parts at high ash contents) has been 
strengthened by new investigations of low- 

49 Vondracek, R., and Mosendz, L., Collection 
Czsechoslov. Chem. Commun 3, 81-92 (1931). 
Kubelka, P., Kolloid-Z., 55, 129-43 (1931). 


temperature coke . 50 By heating in a vacuum, 
activated low-temperature coke adsorbs larger 
quantities of water at the same vapor pres- 
sure than does preoxidized low-temperature 
coke. These investigations have also shown 
that the wetting processes in the case of hys- 
teresis phenomena belong to that group of 
processes which are composed of single phases 
overlapping each other in discontinuous 
fashion. 

THE COALIFICATION PROCESS 

The role of water in the coalification 
process has been given consideration by a 
number of scientists . 51 

It is generally accepted that coals of the 
common kind, regardless of rank, are 
evolved from peat. In the formation of 
peat, the initial role of water is to envelop 
the vegetable debris and exclude atmos- 
pheric oxygen. This impedes, arrests, or 
modifies the processes of decay. David 
White believed that climatic conditions of 
drought or rainfall had a profound effect 
on the progressive change of the organic 
debris . 52 

Although it must be admitted that the 
inevitable presence of water, acting as a 
solvent, as a carrier of debris, and in many 
other ways, must have been a factor in 
the coalification process, it seems doubtful 
that it will ever be possible to distinguish 
its role as an independent factor in this 
process. 

5b Agde, G., and Hubertus, R., Braunlcohle, 32, 
65-68, 87-91 (1933). 

51 Stevenson, J. J., Proc. Am. Phil. 80 c., 50, 
1-116, 519-643 (1911), 51, 423-553 (1912), 52, 
31-162 (1913), 55, 21-203 (1916), 56, 53-151 
(1917), 57, 1-48 (1918), 59, 405-511 (1920). 
White, D., Thiessen, R., and Davis, C. A., XJ. 8 . 
Bur. Mines , Bull. 3S (1913), 390 pp. Jeffrey, E. 
C., J. Geol ., 23, 218-30 (1915) ; Mem. Am. Acad. 
Arts 8 ci ., 15, No. 1 (1924), 62 pp. Armstrong, 
H. E., Proc. Roy. 80 c. (London), 127, 268-71 
(1930). Hickling, G. A., Can. Mining J., 52, 
428-9 (1931) ; Proc. 8 . Wales Inst. Engrs., 46, 
911-51 (1931). 

52 White, D., Econ. Geol., 28, 536-70 (1933). 
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CLASSIFICATION OF COALS 

In a consideration of the classification of 
coals it is now generally accepted that 
water cannot be neglected in the lower- 
rank coals. Ashley, for example, consid- 
ered that the moisture content within 
limits is a characteristic of the coal and 
proposed calculation of the analysis for 
classification to a standard ash content of 
7 per cent and moisture at 20° C and 15 
millimeters pressure of mercury aqueous 
tension. 53 Other authors have concluded 
that for low-rank coals it is essential to 
determine the natural bed moisture. If a 
sample with natural bed moisture is not 
available, methods of equilibration which 
depend upon extrapolation of vapor-pres- 
sure isotherms to determine the bed mois- 
ture have been proposed (cf. Stansfield and 
Gilbart, ref. 27). It is difficult to see how 
such methods can be reliable in view of 
the hysteresis phenomenon and the general 
dependence of the moisture content on the 
previous history of the sample. 54 Rees, 
Reed, and Land found the equilibrium 
method to give erratic results with Illinois 
coal. 40 

The American Standards Association 
Committee on Coal Classification after a 
study of some ten years concluded that it 
was necessary to classify coals of high-vola- 
tile B bituminous coal rank and lower on 
the basis of natural bed moisture. 55 Sevier 
did not concur in this view. 56 Later dis- 
cussions on the' effect of moisture on the 
physical properties of lignites and sub- 
bituminous coals will illustrate the need for 
such consideration of natural bed moisture. 

53 Ashley, G. H., Trans. Am. Inst. Mining Met. 
Engrs., 65, 782-94 (1919-20) ; Coal Industry , 7, 
15-8 (1924). 

54 Kempf, R., Mitt. kgl. Materialpriifungsamt 
Berlin-Lich terfelde West , 37, 178-227 (1920). 

55 Am. Soc. Testing Materials , Standard Spec. 
D388 (1938). 

56 Seyler, C. A., Proc. World Engr. Congr 
Tokyo , 32, 271-85 (1929). 


SUMMARY 

Water and coal form both mechanical 
and. physical mixtures. The water in the 
physical mixture has a vapor pressure 
lower than that of free water. Vapor- 
pressure studies on the lower-rank coals 
indicate that coals may be looked upon as 
colloidal masses with the properties of a 
nonswelling gel. Distinction between the 
amount of water retained in the coal by 
the various mechanisms cannot be made in 
the present state of our knowledge. Water 
undoubtedly played an important part in 
the coalification process, but its role as an 
independent factor in this process cannot 
be determined. Since water is an essential 
component of lignites and certain low-rank 
coals, it is desirable to consider the natural 
bed moisture in any system of classification 
of coals. 

Storage and Utilization of Coals 

SLACKING OR WEATHERING 

The effect of moisture on coals during 
storage and transportation is distinctly 
more pronounced for the lower-rank than 
for the higher-rank coals. In fact, the 
effects of drying, or of alternate drying, 
wetting, and drying, on the physical prop- 
erties and structure of the subbituminous 
and lignite coals are so marked as to be 
distinguished by the terms “weathering,” 
or “slacking,” which is a recognized charac- 
teristic in the classification of coals by 
rank. 

A freshly mined lump of lignite is a com- 
pact, tough, hard material which can be 
broken only with difficulty. If the lump 
is exposed to the dry atmosphere of a 
warm room in winter, it checks and cracks 
until finally the original tough block, which 
was split with difficulty by an axe, has 
degraded into a pile of brittle pieces so 
friable as to crumble under pressure of 
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the fingers. The sole difference of the 
before-and-after specimens detected by 
chemical analysis is a decrease in the mois- 
ture content from upwards of 30 to under 
20 percent. As the block lost water, its 
physical character changed completely, and 
the residue, though higher in heating value, 
lost the form value of the original. 

In coals of higher ranks this property 
becomes less pronounced until in the cok- 
ing coals it appears to be lost entirely. 
Since there is no sharp discontinuity in this 
property, it becomes necessary to devise 
a test method in order to distinguish be- 
tween borderline cases. Fieldner, Selvig, 
and Frederic 57 have proposed such a 
method which, with slight modification, is 
used for classification purposes according 
to the A.S.T.M. Specification D388-38. 
The test consists of air drying 500 to 1,000 
grams of 1- to 1.5-inch lumps at a tempera- 
ture of 30 to 35° C and a humidity of 30 
to 35 percent for .a period of 24 hours, fol- 
lowed by immersion of the lumps in water 
for 1 hour; the water is then drained off 
and the sample again air dried as above 
for 24 hours. The sample is then sieved 
on a wire mesh sieve with 0.263-inch square 
openings, and the undersize and oversize 
are weighed. A blank sieving test on the 
original coal is also made. The undersize 
from the slacked sample is the weathering 
or slacking index of the coal. 

The proposed slacking test has been 
criticized as “misleading and erroneous/' 58 

57 Fieldner, A. C., Selvig, W. A., and Frederic, 
W. H., U. S. Bur. Mines , Repts . Investigations, 
3055 (1930), 24 pp. 

58 Stansfield, E., Lang, W. A., Sutherland, J. 
W., Gilbart, K. C., and Zeavin, S., Sci. Ind. Re- 
search Council, Alberta , Can., 9th Ann. Rept ., 
192S, 15-9. Parr, S. W., and Mitchell, D. R., 
Ind. Eng. Chem., 22, 1211-2 (1930). Stansfield, 
E., and Gilbart, K. C., Am. Inst. Mining Met. 
Engrs., Tech. Publ. 543 (1934), 8 pp. Nicolls, 
J. H. H., Can. Dept. Mines, mimeographed paper 
entitled “Studies of the ‘True’ Moisture and 


Parr and Mitchell claimed that slacking is 
not a fixed and definite function of the coal. 
In lignites, the slacking is “due to the wet- 
ting and not the drying process, and the 
disintegration is substantially 100 percent 
complete after one complete cycle/' The 
experience of the writer with lignites indi- 
cates that lignites disintegrate to a very 
marked degree on the initial drying. The 
question, therefore, seems to hinge on the 
definition of the degree of disintegration. 
Parr and Mitchell considered slacking tests 
inapplicable to bituminous coals as an indi- 
cation of rank and pointed out that fusain 
layers and clay bands are also not without 
influence on the weathering of coals. 

Other writers have pointed out the effect 
of oxidation in storage on the weathering 
of coal. Weathering, of course, is an oxi- 
dation process, and there is evidence that 
the amount of combined water in the coal 
is increased thereby. 59 

Freezing. The freezing of coals as a 
result of the presence of free water has 
also been the subject of investigation. Sak- 
harenko reported that Moscow coals with 
22 to 24 percent water did not freeze, and 
hence concluded that this water was in 
chemical combination. With greater mois- 

‘Pure-Fuel’ Calorific Values of Selected Canadian, 
United States and Other Coals,” 1935, 32 pp. 

59 Richters, E., Dinglers Polytech. J., 195, 315- 
31, 449-53. (1870), 196, 317-35 (1870). Fischer, 
F., Z. angew . Chem., 24, 564-9, 787-90 (1899). 
Parr, S. W., and Hamilton, N. D., Illinois State 
G-eol. Survey, Bull. S, 196-204 (1907). Parr, S. 
W., and Wheeler, W. F., ibid., S, 167-75 (1907). 
Porter, H. C., and Ovitz, F. K., J. Ind. Eng. 
Chem., 4, 5-8 (1912). Porter, H. C., and Ral- 
ston, O. C., TJ. S. Bur. Mines , Tech. Paper 65 
(1914), 30 pp. Porter, J. B., et al., McGill TJniv. 
and Ca?i. Dept. Mines, Bull. 33S (Supplementary 
Bull. S3) (1915), 194 pp. Parr, S. W., and 

Milner, R. T., Fuel, 5, 298-301 (1926). Parr, 
S. W., ibid., 5, 301-5 (1926). Kattwinkel, R., 
Teer, 25, 197-200 (1927). Gilmore, R. E., and 
Strong, R. A., Trans. Can. Inst. Mining Met., 36, 
317-70 (1933). 
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ture content, freezing appeared to take 
place. 60 

SPONTANEOUS IGNITION 

A second important phenomenon in con- 
nection with storage of coal is that known 
as spontaneous combustion. Katz and 
Porter and also Tidesweil believed that the 
rate of oxidation of different coals is not 
uniformly affected by moisture. Wetting 
may, however, bring about physical changes 
and modify the ventilation conditions in 
the pile. 61 

There seems no doubt but that moisture 
and oxygen sorption are in some manner 
interrelated, and consequently moisture af- 
fects the tendency to spontaneous com- 
bustion. Moreover, the heat of wetting is, 
particularly in high-moisture coals (of low- 
est rank), not inconsiderable. 

Porter and Ralston 37 showed that heat 
is produced by wetting dry coal or partly 
dried coal containing less than its normal 
percentage of water. To quote from their 
paper, “The relative quantity of heat gen- 
erated depends on the kind of coal and its 
relative deficiency in inherent water as re- 
ferred to its maximum normal content. In 
other words, the thermal effect of wetting 
varies directly as some function of the 
relative vapor-pressure deficiency in the 
coal.” Porter and Ralston considered as 
“inherent water” all water that did not 
exhibit normal vapor pressure; the term, 
therefore, includes adsorbed water as well 
as capillary condensed water. 

The functional relationship between 
vapor pressure and heat of vaporization 
may be obtained from the Clapeyron-Clau- 
sius equation 

60 Sakharenko, P. B Invest. Teploteh. Inst., 
1933, No. 3, 35-41. Mikhailov, N. M., Trans. 
Thermo-Tech. Inst . ( Moscow ), 193 4, No. 1, 34-41. 

61 Katz, S. H., and Porter, H. C., U. S. Bur . 
Mines, Tech. Paper 173 (1917), 22 pp. Tides- 
well, E\ V., Proc. S. Wales Inst. Engr., 36, 183— 
258 (1920-1) ; Gas J., 151, 394 (1920). 


dp __ AH 
dT " TAV 

in which A H is the heat of vaporization of 
the water, T the absolute temperature, AV 
the change in volume on vaporization, and 
dp the change in vapor pressure. This 
requires isotherms at two different tem- 
peratures. La vine and Gauger 40 assumed 
that A H may be considered a constant 
and that the ideal gas laws hold under 
these conditions; they calculated the heat 
of vaporization of capillary water from 
lignite between 10 and 40 grams of water 
per 100 grams of dry lignite. Their results 
are reproduced in Table II. 

TABLE II 

Heat of Vaporization of Moisture from 
Lignite 

ML = 2.303i2 ~ ' ■ ~ login 

where ML = A H — molecular weight multi- 
plied by latent heat of vaporization in calories 
per gram; R ~ gas constant; Pi and P 2 = 
vapor pressures at absolute temperatures T\ 
and T 2 , respectively. 


Moisture 

Pressure 


per 100 Grams 

At 

At 

Heat of 

Dry Lignite 

20° C 

0 

O 

Vaporization 


centimeters of 

calories 

grams 

mercury 

per gram 

40 

1.653 

5.355 

592.9 

35 

1.561 

5.051 

593.8 

30 

1.433 

4.646 

594.8 

25 

1.254 

4.099 

598.9 

20 

1.024 

3.440 

612.8 

18 

0.737 

2.545 

626.7 

10 

0.395 

1.411 

643.8 

Av. 609.1 


Unfortunately, the results of Lavine and 
Gauger do not lend themselves to a ready 
comparison with the data of Porter and 
Ralston, but subtracting the normal heat 
of vaporization of water from the abnormal 
results for lignite gives a value which 
should correspond to the heat of wetting. 
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The average increase in heat of vaporiza- 
tion between 10 and 25 grams of water per 
100 grams of dry lignite is about 40 calo- 
ries per gram of water. Assuming that the 
same lignite was used by Porter and Ral- 
ston in experiments on both the vapor 
pressure and heat of wetting, one can cal- 
culate a heat of wetting of about 60 calo- 
ries per gram of water over the same mois- 
ture range. The order of magnitude is 
the same, and the lack of better agree- 
ment may be attributed to the previous 
history of the samples in the two different 
sets of experiments. The heat of adsorp- 
tion of water vapor on coal surfaces is 
undoubtedly much larger than the heat of 
wetting. 

MOISTURE IN COMBUSTION 

One of the most important uses for solid 
fuel is in the generation of heat by com- 
bustion in furnaces. It is generally ac- 
cepted by firemen and engineers that some 
moisture is desirable to promote combus- 
tion. Until recently, however, there have 
been few published data indicating the 
actual effect on combustion of varying 
amounts of water. Dunningham and Gru- 
mell have carried out a notable series of 
experiments on the combustion of fuel on 
a traveling grate. 62 These experiments 
showed that the addition of water to fuels 
which contain a large percentage of fines 
had the effect of decreasing the resistance 
of the fuel bed to the air flow. Conse- 
quently, as water was added, higher air 
rates were possible when burning fine coal. 
These authors stated: 

The minimum resistance corresponds to op- 
timum water content, that is to say, the 
maximum water which can be held by the 
fuel without drainage occurring on standing. 
These fuels contain 70 to 80 percent under 

62 Dunningham, A. C., and Grumell, E. S., J. 
Inst. Fuel , 12 , 87-95 (1938). 


Vs inch and require approximately 12 percent 
free water for minimum resistance. One fuel 
is coking and the other free-burning, and the 
fact that the effect of water is purely physical 
and independent of the chemical properties of 
the fuel is confirmed by a similar curve for 
sand. The curve for density of the material 
indicates that the resistance is linked up with 
this property. 

In other words, the resistance of the fuel 
bed as related to the water present was 
also related to the bulk density. Water is 
also known to be an excellent catalyst for 
many gaseous reactions involving oxygen. 
Perhaps an additional effect is in the pro- 
motion of the reaction with oxygen of the 
gaseous products distilled from the coal. 

Dunningham and Grumell also showed 
that the addition of water to coking coal 
caused smaller pieces of coke to be formed, 
resulting in a more uniform fuel bed. Fur- 
thermore, the initial ignition of the fuel 
was somewhat retarded, and this effect 
might be considerable where large additions 
of water were necessary. The rate of ad- 
vance of the ignition point through the 
fuel bed was also slowed down, which 
would increase the length of the grate in 
contact with green fuel, and with a re- 
active free-burning fuel it might cause a 
center-line fuel bed with possibly an ap- 
proach state, so that it is essential that the 
fuel be wet uniformly. 63 

Matthews 64 believed that moisture also 
caused heat generation at the surface of the 
fuel bed and in the combustion space, 
owing to strongly endothermic reactions 
deep in the fuel bed forming hydrogen and 
carbon monoxide that burn at the surface. 
He believed also that moisture retarded the 
rate at which volatile matter was distilled 

63 Dunningham, A. C., and Grumell, E. S., J. 
Inst. Fuel , 9, 24-9 (1935). 

6 4 Matthews, F. J., Steam Engr 5, 25-6 
(1935). Park, W. M., Combustion, 11, No. 10, 
24-8 (1940). 
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off and, therefore, cut down the danger of 
smoke occurrence. Park stated that evap- 
oration of extra moisture increases the 
superheated-vapor item of the stack loss, 
but this is more than offset by the im- 
provement in carbon dioxide and reduction 
in ashpit loss. 64 

For pulverized-fuel burning it appears to 
be essential to dry brown coals and lignites 
down to about 15 to 20 percent water. 65 

EFFECT ON GRINDABILITY AND SIEVING 

Moisture is a factor of greater signifi- 
cance in the high-moisture, low-rank coals 
than in the high-rank coals. Since brown 
coal is of considerable economic importance 
much more work has been done on the 
effect of moisture in various types of coal 
testing. Thus Rammler and Winkler and 
others have studied the effect of moisture 
on grindability of brown coal. 66 In gen- 
eral, the grindability increased as the water 
content decreased, as would be expected in 
consequence of the tendency of such coals 
to slack. 

Winkler and Tietze, who studied the 
sieving of raw brown coal, reported that 
the sieve capacity decreased with increasing 
water content. 67 Other factors such as 
grain size and nature of the material also 
had an effect on the results. Obviously, if 
there is sufficient surface moisture to cause 
agglomeration, the sieve capacity will be 
affected adversely, regardless of the rank 
of the coal. This type of work does not 
appear to have reached a point of general 
application. 

65 Rammler, E., Braunkohle, 25, 120-31 (1926). 
Sutherland, R. L., Bourke, N. T., and O’Keefe* 
E. J., Power , 67, 141-4 (192S). 

66 Winkler, G., Branrikohlenarcli., No. 30, 1-93 
(1930). 

67 Winkler, G., and Tietze, 0., Braunkohlen- 
arch.j No. 36, 56-69 (1932). 


VOLUME CHANGE ON DRYING 

Several investigators have studied the 
volume change on drying of brown coal. 68 
In general, the density of brown coal was 
found to increase as the moisture content 
decreased until a maximum was reached in 
the range of 5.0 to 6.9 percent water, after 
which a small decrease took place. 

Rammler and Augustin have applied 
such phenomena to a consideration of the 
drying processes in a suspension. The 
grain size diminished as the moisture con- 
tent decreased; consequently, the settling 
velocity also decreased. Such studies are 
of importance in the consideration of proc- 
esses which dehydrate fine brown coal in 
suspension 69 

BULK DENSITY 

The bulk density of bituminous coals, 
which is also a function of the moisture 
content, is of importance in carboniza- 
tion. 70 (See also Chapter 23.) Chapman 
and Barnhart found that with increasing 
moisture content the bulk density of a coal 
decreased up to a moisture content of 6 
percent. Between 6 and 7 percent (the 
highest moisture content studied by them) 

68 Graefe, E., Braunkohle, 9, 177-9 (1910-11). 
Dolck, M., Brennstoff- u. W&rmewirt ., 8, 333-5, 
354 (1926). Pieters, H. A. J., Ret Gas, 51, 91-2 
(1931). Benade, W., Braunkohle , 31, 845-8, 
864-8 (1932). Luikov, A. V., Kolloid Z., 69, 
226-30 (1934), 71, 103-11 (1935). gimek, B. 
G., Mitt. Kohlenforsch. Inst. Prag, 2, 227—33 
(1935). 

69 Rammler, E., and Augustin, O., Braunkohle , 
3S, 23-4 (1939). 

70 Chapman, H. M., and Barnhart, E., Iron 
Age, SI, 1140 (1908). Drakeley, T. J., and Jones, 
W. O., J. Boc. Chem . Ind 42, 163-6T (1923). 
Koppers, H., and Jenkner, A., GlUckauf , 66, 
834-8 (1930) ; Fuel, 9, 521-6 (1930). Leven, 
K, GlUckauf, 67, 770-2 (1931) ; Fuel, 10, 369- 
71 (1931). Pieters, H. A. J., Ret Gas, 51, 91-2 
(1931). Russell, C. C., Koppers News, October, 
1931. Stuchtey, R., Tech. Mitt. Krupp, 4, 19-21 
(1936). 
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there was little change in the bulk density. 
They also noted that the magnitude of the 
decrease in bulk density for the addition of 
a given percentage of water depended on 
the amount of fines in the coal. The great- 
est decrease occurred in the sample hav- 
ing the greatest percentage of fines. 

Koppers and Jenkner studied the effect 
of moisture content on two coals, one 19.1 
percent above 1 millimeter in size, the 
other 46.4 percent above 1 millimeter and 
very little below 0.2 millimeter. With both 
coals, the bulk density decreased with in- 
creasing moisture content, went through a 
minimum, and then rose. According to 
Pieters, the minimum bulk density was ob- 
tained at a moisture content of 8 percent. 
Leven also noted that the initial decrease 
in bulk density with increase in moisture 
content was followed by an increase in bulk 
density at high percentages of water. 
Working with a coal 100 percent below 
0.5 millimeter in size, the minimum bulk 
density was reached at a water content of 
10 percent. Leven considered that the 
greater air space in moist coal is an ad- 
vantage in the coking of swelling coals in 
that it provides more room for the expan- 


sion of the coal charge. In an example 
given by Russell, the minimum bulk dens- 
ity obtained by the addition of water to a 
coal was found when the water content 
was 7.5 percent. However, on calculating 
the actual amount of dry coal in the con- 
tainer at various moisture contents, the 
minimum amount of coal was found to be 
present when the water content was 9.5 
percent. Russell remarked that these 
minima would occur at other moisture con- 
tents with coals of different pulverization. 
Stuchtey studied the effect of moisture on 
the bulk density of coal samples having 
different size distributions. The greater the 
percentage of fines in a sample, the greater 
the amount of water that had to be added 
before the minimum bulk density for that 
sample was reached. 

Studies in the laboratories of Pennsyl- 
vania State College on the effect of mois- 
ture on bulk density indicate that the bulk 
density decreases as the moisture increases, 
passes through a minimum, and then in- 
creases, although this is not true for all 
sizes. Data are given in Fig. 3 and Table 
III. 

With the largest size the bulk density of 


TABLE III 


Effect of Moistuke on Bulk Density of Coking Blend I (~}4-ineh coal) * 


Moisture, percent 0.8 

Bulk density, grams per cu- 
bic centimeter 0.76 

Grams “dry” coal per cu- 
bic centimeter 0.75 


3.3 

5.8 

8.3 

10.8 

0.63 

0.54 

0.52 

0.51 

0.61 

0.51 

0.48 

0.46 


13.3 

15.8 

18.3 

20.8 

0.52 

0.52 

0.55 

0.61 

0.45 

0.44 

0.45 

0.48 


* This blend consists of four coals analyzing as follows: 
As received 



A 

B 

C 

D 

Moisture, percent 

1.2 

1.1 

0.9 

0.9 

Volatile matter, percent 

34.1 

32.7 

29.4 

16.7 

Fixed carbon, percent 

57.9 

59.1 

62.8 

76.4 

Ash, percent 

6.8 

7.1 

6.9 

6.0 

Sulfur, percent 

1.0 

1.0 

1.1 

0.8 


The blend contained 35 percent of A; 25 percent of B; 
20 percent of C; 20 percent of D. 


the coal .rises slightly wfith increase in mois- 
ture content. Even here the moisture of 
the coal must have a slight effect on the 
packing of the coal, for, if it did not, the 
bulk density would increase in the same 
percentage as the water content. With 
decrease in the size of the coal particles, 
the lowering of the bulk density by the 
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addition of water becomes more notice- 
able. The greater difference between the 
bulk density of wet and dry coal occurs 
with the intermediate sizes, probably be- 
cause the fine sizes have a very low bulk 
density even when dry. With all the dif- 
ferent sizes the increase in bulk density at 


since the bulk density obtained under such 
conditions is materially higher than that 
obtained with addition of water alone. 

SURFACE PROPERTIES OF COAL 

Brady and Gauger have studied the sur- 
face properties of coal with respect to 



high percentages of water was so slight as 
to be almost negligible. 

Studies were made on a single blend of 
coals coked in a rectangular laboratory 
oven to determine the effect on coke 
strength. With the blend studied, increas- 
ing the moisture content up to 6 percent 
decreased the bulk density of the charge, 
increased the porosity of the coke, and de- 
creased its mechanical strength. 

The bulk density of moist coal is highly 
susceptible to additions of wetting agents 


water 71 by measurement of the angle of 
contact when a surface is wet. Neither 
nitrogen nor air was found to displace 
water from a surface of lignite. In higher- 
rank coals, these authors believed that the 
affinity of a coal surface for water in 
preference to air depends to an appreciable 
extent on which one is first present after 
the surface is produced. Similarly, for 
coal-organic-liquid-and-water, the question 

7i Brady, G. A., and Gauger, A. W., Ind . Eng. 
Chem 32, 1599-604 (1940). 
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of which fluid first came into contact with 
the surface was of profound importance. 
This is significant in connection with coal- 
washing processes employing heavy organic 
liquids, since, if the coal surface is first wet 
with water, it will carry away a minimum 
of the heavy liquid. Also in dustproofing 
with oil, it should be possible to accomplish 
the result with less oil if water is first 
employed to coat the surface. In order to 
keep the water at a minimum, a wetting 
agent should be used. 

MOISTURE AND CARBONIZATION 

The effect of moisture content on the 
carbonization of coals of all ranks has been 
studied by several investigators. 72 (See also 
Chapter 23.) 

In brown coals, the yield of tar appears 
to be greater for higher water contents at 
all grain sizes. However, the results are 
highly dependent on the method of carboni- 
zation. Agde and Hubertus believed that 
during rapid heating of raw coal the sur- 
face retains a residue of water to high 
temperatures, whereas, during slow heat- 
ing, a dewatering and thermally caused 
changes of the surface take place before 
attainment of the higher temperatures. 
Drying in hot air and steam causes changes 
by oxidation. Differences in the tar and 
coke yields may be related not so much 
to the absolute water content as to the 

72 Thwaite, A. H., Gas World , 72, Coking 
Sect., 10-1 (1920). Agde, G., and G61z, G., Braun- 
kohle , 25, 1-8, 25-31 (1926-27). Agde, G., and 
Bendbeim, H., ibid., 25, 721-9, 746-54 (1926-27). 
Raitbel, K., Braunkohlenarch., No. 16, 1-77 
(1927). Sen, B., Quarterly J. Geol. Mining Met. 
Soc. India, 1, 147-9 (1928). Iki, S., Ind. Eng. 
Chem., 21, 239-41 (1928). Dubois, E., Gas - u. 
Wasserfach, 81, 148-51 (1928). Seidenscknur, 
F., Braunkohlenarch., No. 25, 1-16 (1929). Rosin, 
P., and Just, H., Braunkohle, 28, 893-7, 915-24 
(1929). Agde, G., and Hubertus, R., ibid., 31, 
675-80, 877-81, 897-900 (1932). Baum, K., Gas 
World, 98, Coking Sect. 16 (1933). Farnbam, 
R. V., Colliery Guardian, 149, 1043-5 (1934). 
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nature of the heating process by which the 
water content is reduced. 

Thwaites reported an increase in therm 
value and volume of gas from Australian 
brown coal containing 61.8 percent water 
as against the same coal with 12.97 percent 
water which was attributed to secondary 
reaction of steam and/or carbon dioxide 
with carbonaceous matter. 

Moisture also has the effect of slowing 
down the rate of carbonization. Thwaites’ 
experiments indicated the evaporative ca- 
pacity of a retort to be a constant; hence, 
the rate of throughput of dry coal will 
vary inversely as the weight of water in 
the fuel charged, which is associated with 
unit weight of dry coal. 

Baum believed that water up to 6 per- 
cent is without influence on the heat re- 
quired to carbonize since the heat needed 
to evaporate the water is withdrawn from 
the gases given off. Beyond this percent- 
age moisture caused higher fuel consump- 
tion, formation of larger quantities of con- 
densation cooling for the gas, and increased 
volume of ammoniacal liquor to be handled 
in the manufacture of sulfate of ammonia. 

Moisture increases the yield of ammonia, 
particularly when present during the final 
stages of carbonization. This has led to 
the practice of steaming during the car- 
bonization of coal in vertical gas-making 
retorts. 

BRIQUETTING 

The critical importance of moisture in 
the manufacture of brown coal briquets 
has led to a large amount of study in 
German laboratories. 73 

73 Kegel, K., Braunkohle, 20, 161-5 (1921-22), 
31, 253-61 (1932), 38, 441-50, 461-6 (1939). 
Terzaghi, K. von, Erdbaumecha?iik auf boden - 
physikalischer Grundlage , Deuticke, Leipzig, 1925, 
399 pp. Fritscbe, A., Braunkohlenarch ., No. 22, 
3-70 (1928) ; Braunkohle, 28, 873-80 (1929), 
29, 685-95 (1930), 37, 561-77 (1938). Mayer, 
M., Braunkohlenarch ., No. 28, 1-72 (1930). 

Blum, I. L., Braunkohle, 30, 837-40, 853-60 
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The briquetting of fuels is a process 
which improves fines obtained through min- 
ing and, therefore, is a branch of ore dress- 
ing. The addition of special binding ma- 
terials and the use of heat for drying or 
softening are not strictly a part of the 
briquetting process but are additional proc- 
esses used in conjunction with it. Funda- 
mentally, briquetting is merely an oper- 
ation in which a press is used to effect the 
cohesion and compaction of suitable loose 
fire 3. Though briquetting appears to be 
qmlj simple from a mechanical viewpoint, 
certain physical factors must be under- 
stood in order that the results of the proc- 
ess may be controlled. 

Kegel has set down fundamental con- 
cepts that concern briquetting. In the first 
place, all substances are surrounded by a 
field of attractive force, the strength of 
which is proportional to the square of the 
distance between particles. This field of 
force which surrounds the atom, the mole- 
cule, and the colloid is of special impor- 
tance in connection with the cohesion of 
particles that are pressed together. Ac- 
cording to Kegel, two types of cohesion are 
possible, true and apparent. In true co- 
hesion, the particles come so close together 
that the intermolecular binding forces 
come into full effect. A good example of 
this type of binding is a salt briquet. Ap- 
parent cohesion takes place when wetted 
particles are pressed so close together that 
capillary forces are produced; a film on 
the particles prevents actual contact. 
Apparent cohesion rather than true co- 

(1931). Hock, H., ibid., 31, 559-64 (1932), 
Hock, H., Fischer, H., and Schrader, O., ibid., 
34, 278-82, 295-98 (1935). Hock, H., and 
Schrader, O., ibid., 35, 645-50 (1936) ; 36, 781-6 
(1937). Saiiberieh, K., Braunhohlenarch No. 
48, 1-21 (1937). Agtfe, G., and Vetter, K. E. f 
BraunTcohle , 36, 813-7 (1937), 37, 135-8, 421-7 
(1938), 38, 237-40, 255-7, 265-8 (1939). Ver- 
lohr, K., ibid., 38, 145-61 (1939). VoUmaier, E., 
Braunkohlenarch ., No. 49/50, 30-82 (1938). 


hesion is usual in the briquetting of coals. 
The factors to be considered are the wetta- 
bility, the closeness of the capillaries, and 
the surface tension. 

There are two types of capillaries: those 
originally present in the substance, and 
those formed by pressing the particles to- 
gether. The second type is effective only 
when enough liquid is pressed out of the 
first- type to cause effective wetting of the 
second type. This means that in the ab- 
sence of a binder the pressure needed for 
briquetting must be equal to, or greater 
than, the capillary forces in the first type 
of capillaries. 

Terzaghi, who worked with clays, deter- 
mined the pressure needed to compress 
wetter substances to the same extent as 
they compress themselves through drying. 
For a formula to evaluate these force rela- 
tionships and for working methods in this 
type of procedure, the reader is referred 
to the original work or to the abstract 
given by Kegel. It was found that the 
capillary force of cohesion in clay was 
greater than one would expect if only the 
surface tension was responsible. Kegel as- 
sumed that this apparent cohesion, since it 
cannot be accounted for by surface tension 
alone, is largely augmented by adsorption 
forces or linkages. He also stated that the 
viscosity of the wetting medium, usually 
water, is extremely high in the film since 
it is under a pressure of several thousand 
atmospheres, according to his estimate. 

Another important consideration, espe- 
cially in respect to colloidal substances, is 
that particles with unlike charge, although 
kept at a certain distance through the 
action of the film, would be attracted, and 
particles with like charge would tend to be 
repelled. Thus, these forces would either 
add to or lessen the capillary forces. 

Since surface tension is one of the im- 
portant factors in apparent cohesion, the 
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presence of a gas phase is essential. If 
too much liquid is present, the capillaries 
are extended, the gas phase is removed, 
and the binding forces are lowered. 
Fritsche has shown that, in briquetting 
lignite without a binder, if the pressure is 
kept the same, there is an optimum water 
content (see Table IV). At the proper 

TABLE IV 


Effect of Moisture in the Briquetting of 
Lignite, according to Fritsche 73 


Water, percent 
Volume expansion, 

5.9 

11.7 

16.1 

33.8 

percent 

Binding strength, 

18.8 

17.2 

15.9 

18.8 

kilograms per 
centimeter 

8.0 

16.7 

18.9 

5.5 


moisture content the binding strength was 
a maximum and the volume expansion a 
minimum. The volume expansion was a 
measure of the swelling phenomena that 
followed pressing; it was also a measure 
of the cohesive forces, which are greatest 
when they are able to hold the pressed 
material to a minimum volume. 

The wettability of the coal substance is 
largely dependent upon the rank of coal. 
In general, the lower the rank of coal, the 
better the wettability toward water. On 
the other hand, where binding materials 
like tar and pitch are used, the wettability 
toward these substances is in the reverse 
order; that is, the higher the rank, the 
better the tar or pitch will wet the coal 
substance. This explains to a certain de- 
gree why substances like lignite can be 
briquetted with water alone, whereas sub- 
stances like anthracite require an organic 
binder. If a substance like lignite is to 
be briquetted with a tar binder, it must 
be thoroughly dried in order to make the 
binder effective. 

Some of the general methods that can 
be used to influence the wettability of coal 
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substances are as follows: heat, oxidation, 
reduction, exposure to gas or vapor, and 
chemical treatment of the surface. 

Also a fine, fibrous, hook-type particle is 
well adapted to briquetting, but a round, 
hard, coarse type is not. 

Another important theory in connection 
with briquetting has been developed by 
Blum. He concluded that the amount of 
free humic acids accompanied by a high 
water content is a criterion for the bri- 
quetting qualities of lignite. Blum's ex- 
periments also indicated that carbohy- 
drates and lignin are without influence on 
the process. 

Agde and Vetter have verified Blum's 
theory, and, though at first they were in- 
clined to believe that the humic acid the- 
ory was not in contradiction to the idea 
that cohesion takes place mainly through 
the capillary film, later on they said that 
they doubted the validity of certain of the 
concepts included in the sticking-film the- 
ory. In their latest article, they stated 
that they now believe that the amount of 
free humic acid is the controlling factor in 
the briquetting of lignite. 

Kegel in his latest paper considered it 
possible that the humic acids increase the 
viscosity of water in the film and, there- 
fore, he did not disagree with the idea 
that humic acid is important in the bri- 
quetting of lignite. He summed up his 
general conclusions about the briquetting 
process as follows: 

1. The briquetting of loose material through 
pressure takes place because of a binder, be- 
cause of wiry matting of fibrous materials, or 
because of a combination of these factors. 

2. When a binder is used the adhesive 
power of the binding medium toward the 
material, or the wettability, which tends to 
oppose or push out the water, is most signifi- 
cant. 

3. Hydrophobic, or water-repellent, sub- 
stances and especially bituminous coals pos- 
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sess good adhesive qualities toward tar, pitch, 
and similar substances. 

4. The wettability of the material should 
be only as great as is needed in briquetting 
so that the interm olecular forces will be 
strong enough in proportion to the wetting 
properties to avoid the disturbing swelling 
phenomena. 

5. In regard to the binding forces of a 
hydrophilic material, the wettability can be 
lowered, and the intermolecular forces can be 
raised, by suitable means. The lowering of 
the wettability can be accomplished through 
treatment with gas, through aging, through 
drying at a high temperature if necessary 
until a water content of zero percent is 
reached, and through the prolonging of the 
action of heat. A raising of the intermolecu- 


lar forces may be brought about by using fine 
particles, by increasing the plasticity, or by 
avoiding any treatment of the material that 
causes a resistance to change of form. 

SUMMARY 

The moisture content is an important 
factor in the storage and utilization of 
coals. In the lower-rank, high-moisture 
coals it affects slacking or weathering and 
is a critical variable in briquetting. In the 
carbonization of bituminous coals its im- 
portance is related chiefly to the bulk den- 
sity. Tempering coal with water may af- 
fect combustion favorably. 
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CHANGES IN COAL DURING STORAGE * 

L. D. Schmidt 

Chemist , Central Experiment Station , XJ. 8. Bureau of Mines, Pittsburgh, Pennsylvania 


Significant changes in the physical and 
chemical properties of coal occur upon 
exposure to air at atmospheric tempera- 
tures. Ordinarily these changes take place 
slowly but continuously from the moment 
the face of the coal bed is exposed to air 
until the coal is finally utilized, causing a 
gradual decrease in commercial value. 

Normally the largest part of this weath- 
ering occurs in the storage pile. About 36 
million tons of bituminous coal was kept 
in storage in 1939. This amounted to an 
average supply sufficient for 35 days’ oper- 
ation of the plants for which the coal was 
destined. 1 Judging by the period of 
heightened national effort in 1918, 2 the 
amount of coal in storage would be ex- 
pected to increase during World War II, 
and did actually reach over 70 million tons 
in July, 1942. 

Barring emergencies caused by interrup- 
tions in supply or by spontaneous ignition, 
the length of time that coal is left in a 
stockpile is determined by the manage- 
ment upon the basis of balancing cost of 

* Published by permission of the Director, 
Bureau of Mines, U. S. Department of the In- 
terior. 

1 McMillan, M. E., Anderson, R. L., and 
Young, W. H., Minerals Yearbook, Review of 
1939, U. S. Bur. Mines, 1940, p. 802. 

2 Stoek, H. H., Hippard, C. W-, and Langtry, 
W. D., TJniv. Illinois Eng. Expt. Sta . Bull., 116 
(1920), 157 pp. 


storage and recovery against the extent of 
deterioration of the coal. A large number 
of piles remain undisturbed for many years. 
Storage for six to eight months is common 
practice at plants that find it advantageous 
to obtain coal via water routes that are 
closed during the winter. In this connec- 
tion, it is interesting to note that over 46 
million tons of bituminous coal was loaded 
into vessels at Lake Erie ports in 1940, a 
new record. 3 

Weathering of coal in storage is particu- 
larly important to operators of coke ovens 
because continuous operation is imperative 
and consequently large stocks must be kept 
on hand to allow for possible interruptions 
in supply. Furthermore, the coking power 
of coal can be destroyed completely by 
storage in air for a long time, and even 
overwinter storage may result in coal that 
must be mixed with fresh coal before 
coking. 

The gradual changes that take place in 
coal on exposure to air are accelerated 
greatly if the temperature of the coal pile 
rises; the more spectacular phenomenon of 
spontaneous ignition may occur. Little 
information is available on the annual eco- 
nomic losses due to spontaneous ignition in 

3 TJ. S. Bituminous Coal Division, Monthly 
Coal Distribution Reports. Voskuil, W. H., and 
Oliver, G. N., Illinois State Geol. Survey Rept. 
Investigations 74, 16 (1941). 


627 



628 


CHANGES IN COAL DURING STORAGE 


mines or in coal-storage piles. However, 
these losses are probably of considerable 
magnitude if one judges by the insurance 
rates, winch have been reported to be as 
high as 3 percent of the value of a storage 
pile, 4 and by the large amount of money 
invested in coal in storage. Any improve- 
ment in methods of storage or of compen- 
sating for the changes that occur in storage 
that may result from studies of the prob- 
lem should result in very considerable eco- 
nomic gains because of: (1) decreased 
losses in storage and (2) improved plant 
efficiencies from better quality of coal or 
greater uniformity. 

From the scientific standpoint, study of 
the rate of oxidation of coal is particu- 
larly interesting because the reaction pro- 
ceeds slowly enough under ordinary condi- 
tions so that accurate measurements can 
be made on the effect of each of the vari- 
ous factors that control its rate. The re- 
sults of these investigations are of general 
interest in studies of kinetics of hetero- 
geneous chemical reactions and also have 
some bearing on combustion studies. All 
laboratory tests on coal, no matter what 
their purpose, are necessarily made upon 
samples which have had some previous 
weathering experience, so that in interpret- 
ing the experimental data obtained some 
estimate must always be made as to the 
extent and importance of any changes 
caused by adventitious w T eathering. 

Qualitatively, the general changes that 
take place in coal on storage (barring seri- 
ous spontaneous heating) are increases in 
weight, oxygen content, hygroscopicity, ig- 
nition temperature, and solubility in caus- 
tic solutions and in alcohol and decreases 
in carbon and hydrogen content, heating 
value, coking power, and average particle 
size. 

4 Abbott, W. L., Power Plant Eng., 33, 44 
(1929). 


The extent of these changes depends on 
the duration of exposure to air and the 
rate of the oxidation reaction. The rate 
of the oxidation reaction under the vari- 
ous conditions of storage is therefore of 
sufficient importance to be worthy of de- 
tailed study. Furthermore, the question 
whether or not spontaneous ignition will 
occur in a given storage pile is determined 
entirely by the rate of oxidation and the 
rate of heat loss from the pile. 

The major changes when broken coal is 
exposed to air (for example, in storage 
above ground) are: (1) changes caused by 
interaction of the coal with the oxygen in 
the air and (2) changes in moisture con- 
tent that may result in appreciable slack- 
ing or size degradation. The changes 
caused by interaction with oxygen often 
are evidenced by lowered heating value 
and changed combustion characteristics, 
impairment of coking properties, or spon- 
taneous combustion. Slacking, friability, 
and size degradation on storage will be 
discussed later. 

Even though a lump of coal is cold to 
the touch it is uniting with the oxygen of 
the air at a measurable rate and will con- 
tinue to do so for a great many years. 
The gaseous products given off by this low- 
temperature “combustion” are the same as 
when the coal is burned at high tempera- 
ture in the furnace, namely, carbon dioxide, 
carbon monoxide, and water. The greatest 
difference between these high- and low- 
temperature oxidations lies in the lower 
rate at low temperatures and in the fact 
that at low temperatures about half of the 
oxygen consumed remains upon the coal, 
often causing the coal to gain in weight 
instead of wasting away. 

As will be shown later, this low-tempera- 
ture oxidation reaction is highly exother- 
mic; moreover, the rate of reaction in- 
creases very rapidly with increasing tern- 
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perature. These two facts account for the 
often-observed phenomenon of spontane- 
ous ignition in coal piles, which has also 
been observed in a large variety of other 
materials, such as soap chips, 5 powdered 
metals, hay, and grains. These two factors 
that are conducive to spontaneous ignition 
tend to be compensated by a rapid de- 
crease in rate of oxidation with time of 
oxidation or, what amounts to the same 
thing, with extent of oxidation, or the 
amount of oxygen already consumed. As 
a result of this compensating factor it is 
very difficult to prophesy whether a given 
pile will ignite spontaneously. However, 
whether or not a coal pile shows a serious 
temperature rise, oxidation proceeds, and 
progressive changes in combustion proper- 
ties and in coking properties, and loss in 
heating, are inescapable as long as the coal 
remains in contact with the oxygen of the 
air. 

Observations on Storage Piles 

Actual observation of large storage piles, 
with proper testing of coal, etc., is, of 
course, the most direct method for ascer- 
taining the changes that take place in coal 
on storage. This method is subject to the 
disadvantage that, because of lack of con- 
trol of conditions, duplicate results on 
seemingly similar piles are rarely obtained, 
and so a large number of piles must be 
investigated if' reliable data are to be ob- 
tained. Nevertheless, much valuable in- 
formation has been obtained by studies of 
large storage piles; in fact, much of the 
laboratory work done under closely con- 
trolled conditions has for its aim the ex- 
planation and correlation of the facts 
found by these studies of large piles. 

5 Freitag, Zentr . Gewerbehyg. Unfallverhiit., 
21, No. 1-2, 15-6 (1934) ; Chimie <& Industrie, 
32, 578 (1934). Chataway, H. D., J. Soc. Chem 
Ind., 47, 167-71 (1928). 


In 1879, Fayol 6 recorded the tempera- 
tures in various parts of a special large pile 
of Commentry coal. The coal was piled 
at a temperature of 22° C, and after 90 
days a maximum temperature of 150° C 
was recorded at a point 1 foot from the 
ground in a part of the pile that was 20 
feet deep. In another test he showed that 
the temperature of a pile of coal that was 
heating could be caused to fall by merely 
excluding air with a tight cover. His re- 
sults showed that spontaneous ignition did 
not occur in piles less than 6 feet deep. 

In 1909, Threlfall 7 filled two 250-ton 
bins with coal containing 0.5 percent sul- 
fur, and kept both bins under identical 
conditions, except that the coal in one bin 
was thoroughly wetted and permitted to 
drain free of excess water. The tempera- 
ture in the dry bin rose gradually at first 
and then more rapidly until at the end of 
ten weeks it reached 135° C, The coal was 
kept from firing only by digging out. The 
wet coal did not rise to 50° C. 

In 1908, Erdmann and Stoltzenberg 8 
believed ozone to be responsible for the 
spontaneous firing of coal. They noted 
that fires occurred more frequently on 
warm, sunny days after a rain when con- 
ditions were ideal for the formation of 
ozone. Laboratory tests proved that humic 
acid obtained by extraction of coal with 
alkali was very reactive to ozone. Bri- 
quetted coals reacted less vigorously, but 
iron pyrites did not react if dry, and only 
slightly if moist. 

Parr 9 stored 25-ton samples of three 
Illinois coals for six years, keeping a good 

6 Fayol, H., Bull. soc. ind. minirale, (2), 8, 
487-746 (1879). 

7 Threlfall, R., J. Soc. Chem. Ind 28, 759-72 
(1909). 

s Erdmann, E., and Stoltzenberg, H. } Braun- 
hoJile, 7, 69-73 (1908). 

9 Parr, S. W., TJniv. Illinois Eng. Expt. Sta 
Bull. 97 (1917), 44 pp. Parr, S. W., and 
Wheeler, W. F., Ibid., 38 (1909), 43 pp. 
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record of the change in screen analysis and 
in the heating value. Whether the coal 
was stored in the open or in closed bins the 
results indicated about the same amount 
of degradation in size and about the same 
loss in heating value. The average in- 
crease in fine coal (through *4 inch) caused 
by weathering for one and a half years was 
13.3 percent of the original amount of 
coarse coal (on *4 inch). In six years 
this value increased to 22 percent. 

The heating value of the coal decreased 
by about 6 percent (moisture- and min- 
eral-matter-free basis) in six years. Boiler 
tests 10 made using the coal weathered for 
six years showed that the weathered coal 
required a thinner fire and more draft and 
proved somewhat more difficult to ignite. 
However, with correct handling, overall 
boiler and grate efficiencies were as high 
with weathered as with fresh coal. 

As the result of an extensive series of 
experiments and observations, Parr sum- 
marized the factors to be considered in the 
| storage of coal to avoid the approach to 
those dangerous temperatures that lead in- 
evitably to ignition of the mass: 

1. Segregation of sizes in piling results 
in coarse-sized areas or portions serving as 
ducts for conducting air through the pile 
and so invites local heating in areas where 
fine sizes are located. The piling of screen- 
ings in such a way as to create channels 
for the free passage of air, as by coning 
with consequent rolling down the side of 
nut sizes, will insure heating at the mar- 
gins of the chimney thus formed. Posts, 
girders, or braces may afford ready access 
of air and promote heating at such points. 
Screenings can be successfully stored if 
conditions are maintained that prevent cir- 
culation of air, and coarse sizes store well 
if fines are absent. 

10 Kratz, A. P., Univ. Illinois Eng. Expt. Sta . 3 
Bull. 78 (1915), pp. 48-52. 


2. The height of piles is limited by the 
increased tendency toward segregation of 
sizes with increase of height. In piles of 
moderate height (10 to 15 feet), there is 
the added advantage of dissipating the 
heat by conduction and radiation, as well 
as the possibility of quick removal of hot 
spots for use under the boilers. 

3. The question of coal type is relatively 
unimportant compared to the conditions of 
storage. 

4. Coal in storage, which has acquired a 
temperature of, say, 75° C, will proceed to 
the point of ignition unless conditions are 
altered. 

Porter and Ovitz 11 reported observa- 
tions on 350-pound samples of Sewell Seam 
(West Virginia) coal crushed to pass a 
%-inch screen that were exposed to the 
wnather in various parts of the country for 
periods of time up to five years. Samples 
were taken periodically for analysis and, 
determination of heating value. The maxi- 
mum deterioration in heating value in one 
year was 1.2 percent in inch coal ex- 
posed indoors at Key West; and the maxi- 
mum in two years was 2.1 percent in the 
same portion after a second year out-of- 
doors. Exposure in the more moderate 
climates of Pennsylvania, New Hampshire, 
and Virginia resulted in losses in heating 
value of about 1.5 percent for five years’ 
exposure. With this coal, no significant 
difference was found between complete ex- 
posure and exposure under a roof. Run- 
of-mine coal stored under the same condi- 
tions showed only 50 to 75 percent as 
great a loss in heating value as the crushed 
coal. Coal submerged in water showed no 
significant loss in heating value. Any indi- 
cations of change in percentage oxygen and j 
percentage sulfur in the coal during out- j 
door storage were within the experimental j 

ii Porter, H. C., and Ovitz, F. K., U. 8. Bur. 
Mines , Bull . 136 (1917), 34 pp. / 
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error of their determination. Similar tests 
on 3-ton lots of Pittsburgh Seam coal 
(Pennsylvania) exposed in open bins for 
five years showed losses of less than 1.1 
percent in heating value in five years. 

Tests initiated in 1907 on 3- or 4-ton 
lots of Sheridan (Wyoming) subbituminous 
coal (22 percent bed moisture) stored for 
2 % years in five bins, one of which was 
without cover, resulted in losses of 3.2 to 
5.3 percent in heating value when no al- 
lowance was made for the probable in- 
crease in weight due to oxidation. Coal 
piled 5 feet deep, in a bin without cover, 
showed the lowest loss in heating value 
(3.2 percent) because of the formation of 
a 12-inch layer of fine slack on top that 
helped to protect the lower layers from 
oxidation and drying. The authors recom- 
mended bins with air-tight bottoms and 
sides of concrete for storage of coals of 
this type. In 2% years, the moisture con- 
tent of the coal in the covered bins de- 
creased on the average from 21 to 15 per- 
cent. The moisture loss (from 21.4 to 12.5 
percent) and also the loss in heating value 
(5.3 percent) was greatest in the bin where 
the coal was piled deepest (15 feet), but 
there were no other indications that the 
coal had heated in storage. Preliminary 
moistening of the coal had no significant 
effect on deterioration of the coal in stor- 
age. Screenings stored about as well as 
run-of-mine. The sulfur content decreased 
from 1.61 percent (dry, ash-free basis) to 
1.17 percent. The ash content on a dry 
basis was 10.8 percent initially compared 
to a final value of 11.1 percent. 

Observations 12 on Sydney coal in a 
58,000-ton pile (15 feet high) near Mon- 
treal, Canada, which was piled between 
June and October, 1910, showed that a 

12 Porter. J. B., et al., An Investigation of the 
Coals of Canada t Vol. 7, Government Printing 
Bureau, Ottawa, 1915, 188 pp. 


temperature of 55° C was reached in the 
middle of the pile on the following Febru- 
ary 15; when the pile was ventilated by 
driving in 2-inch bars and withdrawing 
them, the temperature fell and danger of 
fire was averted (the outside air tempera- 
ture was about — 13° C). A gas analysis 
of the air from the zone at 55° C showed 
about 17 percent oxygen and 0.5 percent 
carbon dioxide. A foot or two of snow 
covered the pile, even when this tempera- 
ture of 55° C prevailed 6 feet from the 
top of the pile. Measurements of air cur- 
rents and pressures indicated that the flow 
of air through the pile w~as small and very 
difficult to measure. 

Experiments were made in 1911 on 
Phalen Seam coal at Glace Bay, Nova 
Scotia, on 90-ton piles. One pile, 16 feet 
high, of fresh run-of-mine coal showed a 
maximum temperature of 38° C, 44 days 
after piling, 3 or 4 feet under the surface 
of the pile. A sample of air was taken 
from a point about 10 feet from the sur- 
face of the pile and 5 feet from the ground. 
The temperature of the coal at this point 
was 35° C. Analysis of the air sample 
showed 20.4 percent oxygen instead of the 
normal value of 20.93 percent. Apparently 
under these conditions there was an ample 
supply of oxygen at all parts of the pile. 

Stoek, Eippard, and Langtry 2 sent out 
about 18,000 questionnaires to manufactur- 
ing plants, coke plants, power stations, etc., 
requesting information on coal-storage 
practice and experience with spontaneous 
ignition. They received more than 300 
answers, and in addition they investigated 
personally other examples of fires in stor- 
age piles. About 75 percent of the fires in 
coal piles that were studied occurred 
within 90 days after the coal was placed 
in storage. The authors concluded that 
the weight of evidence in the United States 
seemed to be against the practice of venti- 
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lating coal piles. The place of storage 
should preferably have a hard, level, clay 
bottom, naturally drained, or else drains 
should be provided about the storage pile, 
not underneath it, as a drain beneath a 
pile may produce an air current up through 
the pile and thus assist -spontaneous com- 
bustion. It is wise to select low-sulfur 
coals for storage, if obtainable, but it must 
not be taken for granted that a low-sulfur 
coal will necessarily store well. Coal should 
either be so piled that air may circulate 
freely through it and thus carry off any 
heat generated or else be so closely packed 
that air cannot enter the pile. Water 
should be used for putting out a fire in a 
coal pile only as a last resort after other 
means, such as moving the coal, have been 
tried to lower the temperature. Coal that 
has once heated should preferably be used 
at once and not be returned to the pile. 

Seymour 13 made observations on a coke- 
oven plant on the Great Lakes that stocked 
its entire coal supply for six months each 
year. There was definite correlation be- 
tween the extent of oxidation of the coal 
and the coke required per ton of iron from 
the blast furnaces. Extent of oxidation 
was measured by time in storage, increased 
solubility in caustic solution, and the char- 
acteristics of the coke buttons formed in 
the determination of volatile-matter con- 
tent. The yields of byproducts also varied 
with the extent of oxidation of the coal. 

In 1928, Hoskin 14 made a survey of the 
practical experience available on storage of 
Indiana coal. A very small percentage of 
the coal piles investigated exhibited spon- 
taneous ignition. Most fires that did de- 
velop were found in the first three months 
of storage. Extraneous materials, such as 

13 Seymour, W., Blast Furnace Steel Plants 9, 
435-7 (1921). 

14 Hoskin, A. J., Purdue TJniv. Expt. Sta.j Bull. 
30 (1928), 61 pp. ; Black Diamonds SO, No. 14, 
12-3 (1928). 


wood, caused some fires. Moisture condi- 
tions, rain, etc., were related intimately to 
the occurrence of fires. In one instance 
coal that was loaded on wet ground with 
some puddles of water fired quickly for 
no other observable reason; in another, a 
pile of old, dried screenings that had been 
stored indoors for a long time was used 
as a base for new screenings, and thirteen 
days later fire was discovered along the 
plane of contact of the two coals. One 
successful method of storage was to com- 
pact the piles by rolling during the piling 
operation. The bulk density of 2-inch In- 
diana screenings was increased by 24 per- 
cent by rolling, indicating an expulsion of 
the greater part of the air originally in the 
screenings. 

In 1929, Graham and Raybould 15 stored 
15 tons of fine coal (80 percent through 4 
mesh) in a boiler bunker and sealed off the 
top with boards and a layer of clay. The 
walls apparently were airtight, except for 
an opening 4 feet by 5 feet closed with 
loose boards. A stack equipped with a 
damper was connected at the top of the 
pile to regulate and measure the rate of air 
flow. Tubes were inserted in the coal to 
withdraw samples of gas for analysis. In 
five weeks the average temperature of the 
bin rose from 70° to 120° F. The average 
percentage oxygen in the air in the bin was 
about 1 percent. Twenty-five percent of 
the oxygen consumed went to carbon diox- 
ide and 1 percent to carbon monoxide. At 
five points in the lower half of the bin, 
where the average temperature was 140° F, 
the percentage of oxygen in the air rarely 
exceeded 0.5 during three or four months. 
Early in the experiment the point of high- 
est temperature was about 2 feet from the 
floor, but after 20 weeks the point of high- 
est temperature was 6 feet from the floor 

is Graham, J. I., and Eaybould, W. E., Trans . 
Inst. Mining Engrs 83, 89-101 (1932). 
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or 3 feet from the top. After 2% months, 
at a point 3 feet from the floor, where the 
coal temperature was 140° F, a gas analysis 
showed an oxygen content of zero percent. 
When the oxygen content was raised to 3.4 
percent by allowing more draft, the tem- 
perature at this point increased rapidly. 

Dunningliam and Grumell, 16 in experi- 
ments on large piles of Midlands coal, 
showed that ventilation with wooden ducts 
installed before the coal was piled de- 
creased the likelihood of spontaneous heat- 
ing more than rolling or packing. Place- 
ment of the ducts near the periphery of 
the pile proved sufficient. The tests indi- 
cated that, in piles of fresh coal over 8 feet 
high, segregation and exposure to wind 
should be avoided. The piles ventilated by 
ducts showed little deterioration in calorific 
value, size, or coking power after 3% years’ 
storage. Four or five years in the pile low- 
ered the heating value by about 0.5 per- 
cent where no heating had occurred. Simi- 
lar piles without duct ventilation, whether 
or not rolled, showed considerable reduc- 
tion in coking power after two years. 

The principle of exclusion of air from 
coal piles is well illustrated in a series of 
tests by Drewry. 17 Pile 1 was 50 feet high 
and contained 120,000 tons of dusty, run- 
of-mine coal of 2. S3 percent sulfur content. 
It was carefully packed to 18 percent 
greater than usual density, but heating 
started within two months. The top was 
leveled and coated with asphalt to neu- 
tralize the stack effect, but heating con- 
tinued until one point reached 800° F. 
The sides were then covered with a 4-inch 
layer of %e-inch screenings and a %-inch 
coat of asphalt. The “hot spot” tempera- 
ture fell quickly from 800 to 400° F, and 

16 Dunningliam, A. C., and Grumell, E. S., J. 
Inst . Fuel , 10, 170-7 (1936). 

17 Drewry, M. K., Combustion, 8, No. 8, 28-32 
(1937). 


the maximum temperature in the pile fell 
slowly through about 14 months to a win- 
ter equilibrium temperature of 165° F. 
Gases under the asphalt cover showed con- 
tents of oxygen as low as 1.6 percent. The 
coal was removed during an eight-month 
period without trouble. The asphalt cover- 
ing pulverized and burned satisfactorily. 
The cost of the complete asphalt coating 
was about 1 percent of the coal cost. The 
heat loss for the three years’ storage was 
4.15 percent. Pile 2 was also 50 feet high 
and contained 40,000 tons of coal of 1.5 
percent sulfur content. This pile was lev- 
eled, smoothed, and coated, top and sides, 
with a 12-inch layer of “—48 mesh” dusty 
coal; over this was placed a 12-inch layer 
of large screenings to pack it and prevent 
wind and water erosion. ^ The maximum 
temperature observed in the center of the 
pile was 86°, and the hottest spot found 
was 165° F. The cost of the fireproofing 
by this method was % percent of the cost 
of the coal, and the heat loss on 1% years’ 
storage was negligible. Pile 3 contained 

45.000 tons of coal and had no fireproofing. 
It caused much trouble from overheating 
and required considerable rehandling and 
the removal of the hottest spots six months 
after storage. The net heat loss in nine 
months was 1 percent. Pile 4 contained 

75.000 tons of coal and was covered simi- 
larly to pile 2, with satisfactory results. 

Covering a large coal pile with a layer of 
very fine coal and then with a layer of 
lump coal forms an efficient, airtight coat- 
ing that inhibits spontaneous heating, re- 
duces heat losses from storage, and has 
become standard practice with some com- 
panies whenever coal must be stored nine 
months or longer. Some solar heating may 
be expected, and occasional air leaks have 
to be stopped for the best storage results. 

In connection with exclusion of oxygen 
from coal piles it should be mentioned that 
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Olin found that a mixture of 1.5 pounds of 
aluminum sulfate and calcium carbonate 
per ton of coal decreased the tendency of 
Iowa coal to heat spontaneously. 18 

The preceding abstracts of observations 
on large piles of coal are typical, but many 
other valuable reports have been made 
covering large-scale studies of deterioration 
in storage, 19 and especially the spectacular 
and sometimes mysterious phase of this 
study, spontaneous ignition. 20 Reviews on 
this subject were prepared by Davis and 
Reynolds 21 and Hoskin 14 in 1928 and by 
Porter 12 in 1915. Many writers have given 
recommendations for improved storage 
practice. 22 * 23 

Both deterioration and spontaneous ig- 
nition can be avoided by under-water stor- 
age. At least one American plant has fa- 
cilities for storing as much as 300,000 tons 
under water. 24 Both the rate of deteriora- 
tion and the probability of spontaneous 
ignition can be decreased by storing coal 
in compacted layers. Coal can be laid 

is Olin, H. L., Fuel , 16, 256-8 (1937). 

19 Bement, A., Trans. Am. Inst. Chem. Engrs., 
3, 2S1-6 (1910). American Engineering Council, 
Industrial Coal: Purchase , Delivery and Storage, 
Ronald Press Co., New Vork, 1924, 419 pp. Voi- 
tova, E. V., and Zamyatina, L. A., Coke and 
Chem . ( U.S.S.R. ), No. 2-3, 29-39 (1936) ; Chem. 
Abs., 31, 1582. Rammler, E., Braunkohle, 3S, 
659-61, 667-70 (1939). 

20 Anderson, J. H., Trans. Inst. Marine Engrs., 
30, 81-98, 98-120 (1918). Scully, T., Can. 
Mining Met. Bull., 231, S08-15 (1931), 235, 
1310-7 (1931). Jaeschke, A., Glashiitte, 64, 
515-8 (1934). Bielenberg, W., Angew. Chem., 
48, 779-81 (1935). 

21 Davis, J. D., and Reynolds, D. A., U. S. Bur . 
Mines, Tech. Paper 409 (1928), 74 pp. 

22 Potter, A. A., and Solberg, H. L., Power, 68, 
344-5 (1928). Kammerer, V., J. usines gas, 55, 
152-4 (1931). Andrews, D., Steam Engr 3, 
No. 9, 370-2 (1934). Hantke, G., Przemysl 
Chem., 22, 360-7 (1938). Fuchs, P., Arch. 
Wdrmewirt., 21, 39-41 (1940). 

23 Blanke, M., Ibid., 16, 97-9 (1935) ; G-as- u. 
Wasserfach, 79, 13-4 (1936). 

24 Abbott, W. L., Power Plant Eng., 33, 44-5 
(1929). 


down in 2- to 4-foot layers by spreading 
with a caterpillar tractor shoving a bull- 
dozer and hauling a carryall. 25 The bulk 
density of broken coal can be increased 
from 45 to 50 pounds per cubic foot for 
loosely piled coal to 65 pounds per cubic 
foot by compacting. 26 This method of 
compacting violates the old precept that 
the production of fines should be avoided. 27 
The success of the method seems to indi- 
cate that the decreased availability of oxy- 
gen through decreased air circulation 28 
more than compensates for the increased 
area of fresh coal surfaces caused by break- 
age. Surprisingly little information has 
been published on the important factor of 
availability of oxygen in storage piles, that 
is, the percentage of oxygen in air within 
the piles. The principle of decreased air 
circulation has been further applied in the 
use of a layer of paper between layers of 
coal. This method has proved successful 
where it was necessary to store a coal that 
was especially sensitive to oxidation. 29 

In connection with fines it should be 
mentioned that in some plants it has been 
found practicable to screen out fines before 
storage, and the resultant fuel is not sub- 
ject to spontaneous ignition. 30 

Apparently no application has been re- 
ported of the very interesting principle of 
decreasing voids in coal piles by the method 
described by Furnas. 31 This method of 
layered storage makes it possible to obtain 

25 Dow Chemical Company, Black Diamond, 
104, No. 6, 13-4 (1940). 

20 Lindseth, E. L., and Leonhard, F. J., Com- 
bustion, 7, No. 3, 19 (1935). 

27 Stoek, H. H., U. S . Bur. Mines, Bept. In- 
vestigations 2109 (1920), 8 pp. 

28 Tuttle, M. A., Power, 69, 271 (1929). Wehr- 
mann, O. O., G-as- u. Wasserfach, 73, 144-6 
(1930). 

29 Brown, W. T., U. S. Pat. 2,251,321 (1941). 

30 Brauer-Angott, H., Bt'atmkohle, 37, 169 
(1938). 

31 Furnas, C. C., U. S. Bur. Mines , Bept. In- 
vestigations 2894 (1928), 10 pp. 
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large increases in bulk density (decreased 
voids) without breakage of coal by exercis- 
ing some control of the screen sizes going 
to a layer. 

However coal is stored, it is apparent 
that if serious rises in temperature do not 
occur the loss in heating value seldom is 
large enough to have great commercial im- 
portance. For example, samples of coal (% 
to Mg inch) in wire mesh containers buried 
in 8-ton storage piles showed a decrease in 
heating value of about 1.26 percent in 2% 
years. 32 In another pile, ten years’ storage 
caused a loss of less than 5 percent in the 
total amount of available heat. 33 An aver- 
age annual loss in heating value as low as 

0.11 percent has been reported for coking 
coals stored in large piles. 16 

The same cannot be said for loss in cok- 
ing power. With some coals, the loss in 
coking power is said to be so rapid that 
storage for as short a time as 48 hours has 
a serious effect. 34 Actual storage tests on 
weakly coking coals show that the coking 
power is affected before there is any appre- 
ciable change in other properties 35 Illinois 
coals, for example, should be coked within 
two weeks after removal from the mine 
face. 36 The coking power of some coals, 
however, is not affected seriously by four 
years of ordinary storage or ten years of 
storage under special conditions. 37 

The conclusions and recommendations of 
the many writers on the subject of storage 
and spontaneous ignition can be summar- 
ized as follows: 

32 Scarf, F., Hall, D. A., and Yearsley, C. W., 
Trans. Inst. Mining Engrs ., 100, 88-129 (1941). 

33 Mackay, H. F., J. Inst. Engrs., Australia, 
11, 290 (1939) ; Fuel, 10, 4 (1940). 

34 Davies, D. T., and Wilkins, E. T., Yearbook 
Coke Oven Manager’s Assoc., 1939, pp. 218-9. 

35 Jamieson, J., and Skilling, W. J., Gas World, 
110, 301-7, 324-30 (1939). 

36 Thiessen, G., Illinois State Geol. Survey, 
Bull. 64 (1937), p. 206. 

37 Hogg, J. C., Gas J., 5530, 440-1 (1940). 
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1. Storage area should be level, firm, well 
drained, and free of fences, piers, etc. 

2. Decreased height of storage piles re- 
sults in decreased probability of spontane- 
ous ignition, 38 since (a) the effective re- 
sistance to heat flow is lower, so that the 
heat of oxidation can be dissipated with 
less rise in temperature, (b) lower piles 
tend to decrease the amount of segregation 
of sizes when coal is piled carelessly, and 
(c) it is easier to remove “hot spots” when 
they occur. 

3. Segregation of sizes should be avoided 
since many fires occur near the boundaries 
of zones of coarse coal that apparently act 
as chimneys for conducting air into the 
pile. 39 

4. Preferably coal should not be piled in 
hot weather 40 since many fires apparently 
are due to this cause. 

5. Coals from different sources should 
not be stored in a common pile. 23 * 41 

6. A shipment of coal that is especially 
wet should not be piled with other 
coal. 14 ' 40 > 41 

7. Care should be taken to keep out ex- 
traneous material, which may cause fires, 
even in anthracite, which is not ordinarily 
subject to spontaneous ignition. 42 

8. After storage the temperature of a 
pile should be determined regularly by 
means of thermometers in previously in- 
stalled pipes or by thrusting down iron 
rods and feeling the rods on -withdrawal. 
The extremely local nature of “hot spots” 
makes it necessary to test at points on 10- 
to 20-foot centers; if temperatures of 140 

38 Editorial, Gas J ., 199, 199-201 (1932). 

39 Hudler, J., Brennstoff- u. Warmewirt., 10, 
419-21 (1928). 

40 Ward, A. T., Blast Furnace Steel Plant, 17, 
298-301 (1929). 

41 Maryland Bur. Mines, Monthly Notes, No- 
vember, 1937. 

42 Jones, G. W., and Scott, G. S., U. S. Bur. 
Mines , Kept. Investigations 3468 (1939), 13 pp. 
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to 150° F are found, danger is impending, 43 
and the temperature of the coal near these 
points should be taken on 5-foot centers; 26 
even so, it is possible to miss “hot spots/ 5 
and combustible gas indicators have been 
used successfully for their detection. 44 

9. If coal at a temperature above 150° F 
is found it should be dug out and used im- 
mediately or wet down thoroughly and re- 
piled by itself. Water should be sprayed 
on the large piles only as a last resort. 14 

10. The following heights of storage piles 
are recommended as safe: 23 fine coal over 
18 percent volatile matter, up to 4 yards; 
large coal over 18 percent volatile matter, 
up to 6 yards; fine coal below 18 percent 
volatile matter, up to 6 yards; and large 
coal below IS percent volatile matter, up 
to 8 yards. 

Studies of Rate of the Oxidation Reac- 
tion under Controlled Conditions 

Knowledge of the kinetics and mecha- 
nism of the oxidation reaction is an excel- 
lent guide both to better storage practice 
and to better methods of compensating for 
the changes in stored coal. This knowledge 
can be obtained by laboratory studies un- 
der closely controlled' conditions where each 
condition can be varied separately and its 
effect on rate determined. Aside from the 
immediate practical value of such experi- 
ments considerable light is thrown upon 
the constitution of coal. 

RATE OF ATMOSPHERIC OXIDATION AT 
CONSTANT TEMPERATURE 

The following experimental method can 
produce results of considerable accuracy, 
and the results can be given wide interpre- 
tation because all conditions can be put 

43 Hood, 0. P., 17. Bur. Mines, Circ. 7074 
(1939), 5 pp. 

44 Campau, G. F., Combustion , 9, No. 10, 30 
(1938). 


under precise control. A sample of crushed 
coal is maintained at constant temperature 
and exposed to air flowing at a measured 
rate through the coal. The oxygen in the 
air combines with the coal, and the rate of 
disappearance of oxygen can be measured 
accurately by gas analysis of the effluent 
air. The amount of gaseous oxygen (0 2 ) 
that disappears from the gas phase in a 
given time (that is, the amount of oxygen 
consumed) is then used as the measure of 
the rate of the oxidation reaction. In 
other words, oxygen consumed equals the 
oxygen in the gaseous products immedi- 
ately evolved (carbon monoxide, carbon 
dioxide, and water) plus the oxygen re- 
maining upon the coal. The extent of oxi- 
dation of a sample is measured by the 
amount of oxygen that has been consumed. 
The results of many experiments obtained 
under conditions similar to those outlined 
above have been reported in the literature. 

Wherever a sample of fresh, unoxidized 
coal is used the rate of oxidation decreases 
very rapidly with time at first and then 
finally approaches a more nearly constant 
value. Formerly, this large change in rate 
with time of oxidation or with extent of 
oxidation made it difficult to compare the 
results of different experiments or to use 
the results to characterize a given coal. 
Even the calculated average rate of oxida- 
tion of a coal depends entirely on how long 
the particular experiment was continued. 
Work at the U. S. Bureau of Mines 45 has 
shown that rather simple and apparently 
general relationships exist between rate of 
oxidation and time or extent of oxidation. 
Use of these relationships aids greatly in 
all studies of the reaction. 

It was found that the course of the oxi- 
dation reaction co.uld be described very ac- 

45 Schmidt, L. D., and Elder, J. L., Ind. Eng. 

32, 249-56 (1940). 
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eurately by means of the following general 
equation: 

X = Ct b (1) 

where X = amount of oxygen consumed, 
expressed as grams of oxygen per 100 
grams of the original fresh coal, moisture- 
and mineral-matter-free basis, or, in short, 
percentage by weight of the unoxidized 
pure coal ; t = days in oxidation appara- 
tus; C = a constant, the value of which 
equals the amount of oxygen (percent by 
weight of pure coal) that reacts with the 
coal sample in the first day under the ex- 
perimental conditions used; and b = a con- 
stant, the value of which apparently is 
about the same for all coals of the same 
particle size. The physical meaning of 
equation 1 can be stated simply: at any 
stage in the isothermal oxidation of a coal 
sample, a 1 percent increase in time of oxi- 
dation will increase the extent of oxidation 
X by b percent. 

As will be seen later, the values of & for 
the samples investigated ranged from 0.37 
for minus 200-mesh samples to 0,8 for 0- 
to ^-inch coal. 

Differentiating equation 1 with respect 
to time: 

d -f t = bCM ( 2 ) 

For convenience of notation let dX/ dt — R; 
then 

R = bCt h ~ l (3) 

equals rate of oxygen consumption, percent 
by weight of pure coal per day. 

If data obeying the relation shown by 
equation 3 are plotted on log-log scales, the 
points fall along a straight line. As will 
be shown, this equation can be used to 
check observed results when experimental 
conditions are such that the rates of oxida- 
tion are measured directly after successive 
intervals of time of oxidation. 


Winmill and Graham, 46 working at the 
Doncaster Coal Owners’ Research Labora- 
tory with J. S. Haldane, have reported the 
results of an extensive series of experiments 
which were well thought out and were exe- 
cuted in an especially thorough and care- 
ful manner. In these experiments, 150- 
gram samples of coal, crushed to pass a 
200-mesh screen, were oxidized at constant 
temperatures in a stream of moist air that 
passed through the crushed coal at meas- 
ured rates. Analyses of the effluent air 
from time to time gave the momentary 
rates of oxygen consumption. The inves- 
tigators reported rates of oxidation as cubic 
centimeters of oxygen (N.T.P.) consumed 
per 100 grams of coal (as received) per 
hour. The results of one typical series of 
experiments on “Jacks” coal (through 200- 
mesh screen) from the Barnsley Seam are 
shown plotted on log-log scale in Fig. 1. 

The experimental points fall very closely 
along straight lines, which is excellent con- 
firmation that the general relationship 
(equation 3) correctly correlates rate of 
oxidation with time of oxidation. 47 The 
values of b, calculated from the slopes of 
the straight lines, and the quantities C, 
evaluated from the intercepts and con- 
verted to the appropriate units, are shown 
in Tables I and II. 

The fact that the straight lines in Fig. 1 
are all very nearly parallel (constant value 
of b), regardless of the temperature of oxi- 

46 Winmill, T. F., Trans. Inst. Mining Engrs., 
46, 563-78 (1913-14), 4S, 503-20, 535-49 (1914- 
15), 51, 493-9, 510-47 (1915-16). Graham, J. 

I. , ibid., 48, 521-34 (1914r-15), 49; 35-43 (1914- 
15). Thomas, W. M., Jones, T. D., and Graham, 

J. I., Proc. £. Wales Inst. Engrs., 49, 201-36, 
305-7 (1933). 

47 The results of over 80 test series on various 
coals tested in several types of apparatus have 
been subjected to this method of analysis. In 
each series equations 1 and 3 correlate the data 
very satisfactorily. 
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Fig. 1 . Change of rate of oxygen consumption with time for “Jacks’ coal from the Barnsley Seam . 46 


TABLE I 


Values of the Exponent b for Six Coals (-200-Mesh) at Various Temperatures 


Temperature, °C 

30 

40 

50 

70 

80 

100 

120 

140 

160 Aver. 

Hards 

0.373 

0.363 

0.305 

0.333 

0.328 

0.368 

0.376 

0.343 

0.237*0.349 

Jacks 

.372 


.343 

.362 


.426 

.416 

.429 

392 

Cannel 

.364 


.386 

.411 


.429 

.425 

.434 

408 

Barnsley Softs 

.367 


.312 

.278 


.351 

.343 

.387 

340 

Top Softs 



.323 

.367 


.422 

.403 

.402 

384 

Shale 

.389 


.364 

.361 


.203* 



371 

Average 

.373 

.363 

.339 

.352 

.328 

.367 

.393 

.399 

372 


* Excluded from average. 


dation, is a striking illustration of the fact 
that rates of oxidation decrease with time 
in almost exactly the same manner, regard- 
less of how fast the coal oxidizes under the 


particular experimental conditions. The 
value of b is essentially the same for dif- 
ferent coals 45 and depends primarily on 
particle size. 
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Combining equations 1 and 3: 


This equation shows quantitatively the 
decrease in rate of oxidation with increas- 
ing extent of oxidation. The rate varies 
inversely with X raised to a power which 
ranges from 0.25 for 0- to %-coal 45 to 1.7 
for 200-mesh coal ( b = 0.37). 

In Fig. 2, typical curves are shown for 
both fine and coarse coals, illustrating the 
decrease in rate and the increase in ex- 
tent of oxidation with increasing time. 
The values given correspond roughly to 
oxidation in air at 30° C of ^4-inch coal 
(b = 0.8, C = 0.1) and 200-mesh coal 
( b = 0.37, C = 0.5), respectively. 

Both fine and coarse coals show very 
high initial rates of oxidation. The rate 
decreases more rapidly with fine coal so 


that after seven days 5 oxidation the two 
rates become equal momentarily. At this 
point the fine coal has consumed oxygen 
to the extent of 1.03 percent by weight of 
pure coal, whereas the coarse coal has con- 
sumed only 0.47 percent. As the oxida- 
tion proceeds, the rate for fine coal falls to 
about half that of the coarse coal, with the 
result that, after 42 days, both will have 
consumed the same amount of oxygen (2 
percent by weight of pure coal). There- 
after the rates of oxidation of both coals 
decrease continually but never reach zero. 

In Fig. 3 the rate of oxidation, in grams 
of oxygen consumed per 100 grams of pure 
coal per day, is plotted against the extent 
of oxidation, grams of oxygen consumed 
per 100 grams of original pure coal. The 
striking decrease in the initially high rate 
of oxidation of fine coal is well illustrated 
in this figure. 



Fig. 2. Change in rate of oxidation with time of oxidation for fine coal and coarse coal at 30° C 
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m 


The value of b (0.37) used for calculat- 
ing the data for fine coal in Figs. 2 and 3 
is the average of 34 different oxidation ex- 



Fig. 3 . Change in rate of oxidation of coal 
with extent of oxidation . 46 


periments on 200-mesh coal reported by 
Graham. 46 In these experiments tests were 
made at temperatures ranging from 30 to 
160° C on six different types of coal taken 


from the Barnsley Seam, viz., Hards, Jacks, 
Cannel, Softs, Top Softs, and shale (82 per- 
cent ash). The results of these tests were 
plotted as shown in Fig. 1, and in each 
experiment the points fell closely along 
straight lines. The values of b found from 
the slopes of these straight lines are shown 
in Table I. There is no very significant 
variation in the value of 6, either with tem- 
perature of oxidation between 30 and 140° 
or with the type of coal tested. The way 
in which the rate of oxidation of each of 
these particular samples of fine coal de- 
creases with time can, with satisfactory ac- 
curacy, be expressed as follows: for any 
value of time (t) chosen, if the coal is oxi- 
dized twice as long the rate will be cut in 
half. 

The values of the constant C, obtained 
from the data for the 30 and 100° C oxida- 
tions, are shown in Table II. These values 
are numerically equal to the amount of 
oxygen consumed by the coal sample at the 
end of the first day of oxidation under the 
indicated experimental conditions and are 
expressed as oxygen consumed, percent by 
weight of unoxidized pure coal. The ratio 
of each value of C to the average value of 
C is given in order to show for the different 
types of coal the percentage variation in 
amount of oxygen consumed. The various 


TABLE II 

Amount of Oxygen Consumed at the End of the First Day of Oxidation. Values of C, 
Percent by Weight of Pure Coal (-200-Mesh) 


Barnsley Top 

Coal Hards Jacks Cannel Softs Softs Shale Average * 

30° C value 0.513 0.453 0.383 0.639 0.532 0.460 0.504 

30° C ratio f 1.017 0.899 0.760 1.268 1.056 .914 1 

100° C value 3.595 3.598 3.13 4.784 4.535 3.948 

100° C ratio f 0.910 0.911 0.793 1.212 1.149 1 

Average ratio 0.964 0.905 0.777 1.24 1.102 1 

* Excluding shale. 

t Ratio of value to average value of the five coals. 



RATE OF ATMOSPHERIC OXIDATION AT CONSTANT TEMPERATURE 641 


types of coal did not differ greatly in the 
amount- of oxygen consumed in one day of 
oxidation. Barnsley Softs consumed 24 
percent more oxygen and Cannel 22 per- 
cent less oxygen than the average. 

In Table III, the rates of oxidation of 
these coals are compared at the end of the 
first day of oxidation (t = 1). At this time 


cent by weight of pure coal per day) when 
each sample had consumed oxygen equiva- 
lent to 1 percent by weight of pure coal 
(X =1). Since all samples showed about 
the same value of b, roughly the same ra- 
tios of rates would be found at any other 
value of X chosen. Upon this basis, Barns- 
ley Softs showed a rate of oxidation 75 per- 


TABLE III 

Rate of Oxygen Consumption at the End of the First Day’ of Oxidation Values of Rt = i , 
Percent by Weight of Pure Coal (—200-Mesh) per Day 


Coal 

Hards 

Jacks 

Cannel 

30° C value 

0.1789 

0.1776 

0.1564 

30° C ratio f 

0.957 

0.950 

0.837 

100° C value 

1.26 

1.41 

1.28 

100° C ratio f 

0.858 

0.964 

0.873 

Average ratio 

0.908 

0.957 

0.855 


'* Excluding shale. 

t Ratio of value to average value of the five coals. 


Barnsley Softs consumed oxygen at a rate 
14 percent greater than the average and 
Cannel 15 percent less than the average. 
Probably the best general basis of compari- 
son of the rates of oxidation of the various 
coals is found when they have all consumed 
the same amount of oxygen, as shown in 
Table IV. The values given in Table IV 
are the rates of oxygen consumption (per- 


Barnsley 

Softs 

Top 

Softs 

Shale 

Average 

0.2172 

0.2044 

0.1709 

0.1869 

1.162 

1.094 

.915 

1 

1.63 

1.74 


1.46 

1.113 

1.191 


1 

1.138 

1.143 


1 


cent greater and Cannel 48 percent less 
than the average, the other types falling in 
this range. It should be noted that the 
shale sample, even though it contained 82 
percent ash, showed a characteristic rate 
of oxidation (Rx^i) that did not differ 
greatly from the other types of coal (pure- 
coal basis), thus indicating that the ash is 
inert. 


TABLE IV 

Characteristic Rate of Oxidation. Oxygen Consumption in Percentage by’ Weight of 

Pure Coal (-200-Mesh) per Day 

Values of Rx = i 


Coal 

Hards 

Jacks 

Cannel 

Barnsley 

Softs 

Top 

Softs 

Shale 

Average * 

30° C value 

0.0514 

0.0520 

0.0389 

0.0910 

0.0743 

0.0459 

0.06152 

30° C ratio f 

0.836 

0.845 

0.632 

1.479 

1.208 

.747 

1 

100° C value 

13.65 

10.28 

6.684 

33.96 

19.68 


16.85 

100° C ratio f 

0.810 

0.610 

0.397 

2.015 

1.168 


1 

Average ratio 

0.823 

0.728 

0.515 

1.747 

1.188 


1 * 


* Excluding shale. 

t Ratio of value to average value of the five coals. 
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EFFECT OF TEMPERATURE 

Ordinarily, temperature is by far the 
most important factor governing the rate 
of oxidation of coal. It has been found 
that for many chemical reactions, if log R, 
where R is the characteristic reaction rate, 
is plotted against the reciprocal of the ab- 
solute temperature (T k ), the points fall 
along a straight line. 48 This fact is the 
experimental justification of the Arrhenius 
expression correlating reaction rate with 
temperature: 

dhxR _ E , . 

dT k ~ 1.986T 2 


or, in its integrated form, 


2.303 logio 


Ri 

R2 


JE 1 __ 

1.986 {T k )t 



where the constant E is called the energy of 
activation, calories per mole; Ri is the rate 
of reaction at absolute temperature (Tk) 1 
(°C + 273) ; and R 2 is the rate of reaction 
at absolute temperature (Tk) 2 . 

In Fig. 4, the characteristic rates of oxi- 
dation (R x=sl ) obtained from the experi- 
mental work reported by Graham are 
plotted against the reciprocal of the ab- 
solute temperature of the oxidation. The 
experimental points fall along straight 
lines, indicating that the Arrhenius expres- 
sion (equation 5) satisfactorily shows the 
change in rate of oxidation with tempera- 
ture. 49 However, it will be noted that bet- 


48 Glasstone, S., Textbook of Physical Chemis- 
try, D. Van Nostrand. Co., New York, 1940, pp. 
1067-8. 

49 Two points are given at each temperature. 
One point is the value of P'x^i obtained by 
using the actual value of b measured in this par- 
ticular oxidation experiment; the other point is 
R "x**v tlle value obtained by using the average 
value of b obtained for this coal in all the ex- 
periments. The straight line is usually drawn 
approximately through the average of these two 
points. 



Fig. 4. Characteristic rates of oxidation as a 
function of temperature of oxidation. 46 

ter correlation with the experimental data 
is obtained 'when two straight lines are 
drawn for each coal. The equations of all 
the straight lines shown in Fig. 4 are of 
the form: 


log Rx =1 = m — ^ (7) 

where R x = i — rate of oxygen consump- 
tion in air when the sample has consumed 
1 percent of its weight of oxygen, expressed 
as percent by weight of pure coal per day; 
m and n are empirical constants; and 
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T k = temperature of oxidation, degrees 
Kelvin. 

Table V gives for each coal the two sets 
of values of m and n, one set (m u n x ) for 
temperatures below the temperature of in- 
tersection of the two straight lines and the 
other set (m 2 , n 2 ) for temperatures above 
the point of intersection. All these coals 
showed about the same rate of increase in 
rate of oxidation with increasing tempera- 
ture. The average value of the activation 


very convenient for estimating the amount 
of change in rate of oxidation of coal 
caused by any given change in the tem- 
perature of oxidation. The values shown 
on the vertical lines are the temperatures 
of oxidation, whereas those shown on the 
horizontal lines are the corresponding rela- 
tive rates of oxidation ( R ). Taking an ex- 
ample at random to illustrate the use of 
the graph, at 16° C the relative rate of oxi- 
dation is 5.2 and at 29° C it is 17.0, nearly 


TABLE V 


Values op the Constants in Equations 5, 6, and 7 


Coal 

Hards 

Jacks 

Cannel 

Barnsley 

Softs 

Top 

Softs 

Average 

Point of intersection of two 
straight lines, °C 

90.6 

84.1 

81.6 

77.9 

86.7 

84.2 

m 2 

17.915 

14.240 

15.999 

16.327 

15.605 

16.0172 

n% 

6,259 

4,934 

5,660 

5,519 

5,338 

5,542 

mi 

10.635 

9.997 

8.732 

10.936 

11.247 

10.3094 

ni 

3,613 

3,418 

3,073 

3,629 

3,750 

3,497 

I?2 

28,633 

22,571 

25,892 

25,248 

24,420 

25,353 

Ei 

16,528 

15,636 

14,058 

16,601 

17,155 

15,998 


energy for temperatures below 84° C is 

16.000 calories per mole and for higher 
temperatures 25,350 calories per mole. 
Chukhanov 50 reported values of 20,000 to 

25.000 calories for the oxidation of char- 
coal at temperatures around 750° C and 
below. Meyer 51 reported values of 20,000 
to 30,000 for temperatures up to 1,520° K. 
Kreulen and others 52 reported an average 
value of 27,600 for coals in the temperature 
range of 220 to 260° C. 

Using the average values of constant n 
given in Table V, the data shown in Fig. 5 
were calculated. This figure will prove 

50 Chukhanov, Z., Tech. Phys. U.8.S.R., S, No. 
7, 41-58, 511-24 (1938) ; Fuel, 18, 292-302 
(1939), 19, 17-20, 49-50, 64-7 (1940). 

51 Meyer, L., Z. physik. Chem BIT, 385-404 
(1932). Tu, C. M., Davis, H., and Hottel, H. C., 
Ind. Eng. Chem., 26, 749-57 (1934). 

52 Kreulen, D. J. W., Krijgsman, C., and Horst, 
D., Fuel, 17, 243-58 (1938). 


a threefold increase in rate of oxidation for 
a temperature rise of only 13°C (23°F). 

The data in Fig. 5 show that, if two 
identical samples of coal have consumed 
the same amount of oxygen and one is oxi- 
dized at 160° C in an ample supply of air, 
it will momentarily consume oxygen 544,000 
times as fast as the sample in air at 0° C. 
The rate of oxidation will, of course, de- 
crease much more rapidly with time at the 
higher temperatures. For example, using 
the average values of b and C (Tables I 
and II), only 36 minutes' exposure to air 
at 100° C is required for the coal to con- 
sume 1 percent of its weight of oxygen 
(X = 1), whereas at 30° C 6.3 days are re- 
quired. Furthermore, at 100° C, the rate 
of oxidation falls off to half the value it 
had at X - 1 in 1.2 hours’ more oxidation, 
whereas it requires 12.6 additional days' 
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Temperature, °C 

Fig. 5. Relative rates of oxidation as a function of temperature of oxidation. 


oxidation at 30° C to halve the rate. The According to the data shown in Fig. 5,- 
decrease in rate with increasing extent of the rate of oxidation increases by a factor 

oxidation is a very potent factor, tending of 2.2 for each 10° C rise in temperature 

to compensate for the enormous increase between 30 and 100° C. Schmidt and 

in rate with increasing temperature. This Elder, 45 working with 0 to 14 -inch Pitts- 

is especially true of fine coal, where the burgh coal, found a value of about 1 7 

rate varies inversely with the 1.7 power of (E = 11,000) for this temperature range, 

the extent of oxidation (X). The data given in Fig. 5, based upon the 
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work of Winmill and Graham, 46 have the 
decided advantage of representing the re- 
sults of a large number of tests so that they 
are probably the best values. However, it 
remains to be proved whether or not coal 
of larger particle size than 200-mesh would 
show a different temperature coefficient. 
In the discussion of effective surface area 
which follows later, it will be shown that 
it is possible that the temperature coeffi- 
cients will prove to be smaller for larger 
particles. 

Other temperature coefficients have been 
reported in the literature, but since they 
are not based on coal at equal states of 
oxidation they are not directly comparable 
with themselves or with the values given 
in Fig. 5. For example, Parr 53 presented 
a graph based upon the “absorption ca- 
pacity” of finely divided coal at varying 
temperatures — “diagrammatic in character, 
it is, in fact, the assembly of data from 
many experiments and accurately expresses 
the relative behavior of bituminous coals 
at the various temperature ranges indi- 
cated.” In this graph, “cubic centimeters 
of oxygen absorbed per gram of coal” are 
plotted against temperature, degrees Cen- 
tigrade, from 0 to 175° C. Assuming that 
the reported amounts of oxygen were con- 
sumed in a certain time so that the values 
given are actually rates of oxidation aver- 
aged over a definite time which was the 
same for all samples, then the average en- 
ergy of activation over the range 50 to 
150° G proves to be about 6,000 calories, 
which corresponds to a temperature factor 
of about 1.3 for a 10° C rise in temperature. 

However, when all samples are oxidized 
for the same time the samples oxidized at 
the higher temperatures have correspond- 
ingly much higher final (and average) 
values of X 3 so that such a temperature 

53 Parr, S. W., Ind. Eng. Chem ., 17, 120—3 
(1925). 


factor, if used at all, must be used very 
carefully. If the results of Graham are 
calculated upon this basis, a factor of about 
1.34 for 10° C rise in temperature is ob- 
tained. Tideswell and Wheeler 54 reported 
a value of 1.36 upon this basis. The re- 
sults of Porter and Ralston 55 indicate an 
average value of 1.46 for the range from 
80 to 160° C. In general, the agreement 
between different workers is better than 
might be expected, considering the faulty 
basis of comparison. 

EFFECT OF PARTICLE SIZE ON THE RATE OF 
OXIDATION 

The interaction of oxygen with coal 
takes place on the surface of the coal. 
Consequently, the greater the extent of 
surface area per unit weight of coal ex- 
posed to air, the higher is the rate of oxi- 
dation per unit weight of coal. The sur- 
face area per unit weight of coal, or the 
specific surface of the coal, increases rap- 
idly with increasing subdivision of the coal. 
Figure 6 will be found very convenient for 
making quick estimates of the specific sur- 
face of various Tyler screen fractions of 
coal. The data for making this graph were 
obtained by Needham and Hill 56 in an ex- 
cellent research on this subject. The fol- 
lowing example illustrates the use of the 
graph to obtain the specific surface area 
of any screen fraction: fraction 80 to 100 
mesh, average 90 mesh, specific surface cor- 
responding to 90 mesh on graph, 50 square 
meters per kilogram. This compares well 
with the value of 48.7 square meters per 
kilogram reported by Needham and Hill 
for this screen fraction. The specific sur- 

54 Tideswell, F. V., and Wheeler, R. V., J. 
Chem. Soc 127, 125-32 (1925). 

55 Porter, H. C., and Ralston, O. C., V. 8. Bur. 
Mines, Tech. Paper 65 (1914), 28 pp. 

56 Needham, L. W., and Hill, N. W., Fuel, 14, 
226 (1935). 
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face of any coal sample can be estimated 
from its screen analysis by this method. 

The data in Fig. 6 indicate that if 1-inch 
coal is crushed to 250-mesh size the specific 
surface area increases from about 0.24 to 
230 square meters per kilogram, or roughly 
a thousandfold. Little accurate informa- 


fine coal. However, the results give prob- 
ably the best information available at pres- 
ent on the effect of particle size. In Table 
VI are given the values of the oxidation 
rate constants, the characteristic rate of 
oxidation (AJ Z==1 ), and the estimated spe- 
cific surface area of the samples. In Fig. 7, 



Screen Mesh (Tyler) 


Pig. 6 . Specific surface area of coal particles as a function of size. 


tion has been published on the rates of oxi- 
dation of various sizes of coal, but from 
the information available it is apparent 
that increasing the surface a thousandfold 
does not result in a thousandfold increase 
in rate of oxidation, as is often implicitly 
assumed by various writers on the subject. 
Winmill 46 measured the rates of oxidation 
at 30 and 50° C of coal in four different 
particle-size classifications, namely, 2 to 10 
mesh, 10 to 30 mesh, 30 to 60 mesh, and 
through 200 mesh. The extremely low rate 
of oxidation of the coarse coal made accu- 
rate measurements difficult and required 
modification of the procedure followed for 


the characteristic rate of oxidation (R x = 1 ) 
is plotted against the specific surface (S) 
on log-log scale. The points fall along 
straight lines about as closely as might be 
expected, considering the high probable 
error in the estimations of both rate and 
specific surface. Three straight lines are 
drawn for the different coals and different 
temperatures of oxidation. The results 
may be expressed as follows: 

Bx-i = kS^^k^S, (8) 

where R x ^i = rate of oxygen consumption 
in air when the sample had consumed 1 
percent of its weight of oxygen, grams of 


EFFECT OF PARTICLE SIZE ON THE RATE OF OXIDATION 

TABLE VI 


647 



Effect of 

Particle Size on Rate of Oxidation 



Mesh 

2-10 * 


10-30 

30-60 


Minus 200 

Specific surface, 








S, square me- 








ters per kilogram 

0.55 


7.8 

24 


314 


Barnsley 

Barnsley 

Barnsley 

Barnsley 

Barnsley 

Barnsley 

Coal Hards 

Softs 

Hards 

Hards 

Hards 

Softs 

Temperature, 








o 

O 

CO 

O 

50 

30 

30' 

30 

30 

50 

30 

b 0.556 

0.56 f 

0.68 

0.357 

0.385 

0.349 

0.349 

0.340 

C .08908 

.293 

.0653 

.368 

.391 

.513 

.927 

.639 

.00718 

.0369 

.0121 

.0217 

.0336 

.0514 

.2806 

.0910 


* Sample prepared by sizing coal to just pass a 2-mesli screen, but fines so produced and retained on 
a 10-mesh screen were mixed with the larger pieces, 
t Assumed value. 



Fig. 7. Characteristic rates of oxidation of Barnsley Seam coals having different specific surface 
areas. 46 


oxygen per 100 grams of original pure coal 
per day; k — a constant; and S = specific 
surface' area, square meters per kilogram. 
The value of k depends on the coal tested 
and also the temperature of oxidation (Fig. 
5) . At 30° C, the average value of k for 
the coals tested was 0.0094. 


The results indicate that the rate of oxi- 
dation of coal in air at low temperatures 
is proportional to the cube root of the 
specific surface area of the sample. The 
reader must remember that this relation- 
ship is tentative, resting upon a very lim- 
ited amount of experimental data. How- 
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ever, it should prove of value until new 
and better information is available. 57 Ac- 
cording to this relationship, the previously 
mentioned thousandfold increase in surface 
area obtained when 1-inch coal is crushed 
to 250-mesh size would be expected to 
cause only a tenfold increase in the rate of 
oxidation at these temperatures. These re- 
sults make it clear that owing to porosity a 
total area that is the sum of the internal 
and external area must take part in the 
oxidation reaction at low temperatures. 
There is great need for further experimen- 
tation to test this tentative conclusion. At 
combustion temperatures it is entirely pos- 
sible that the value of the exponent in 
equation S approaches unity, as is often 
assumed. 50 

EFFECT OF OXYGEN CONCENTRATION IN GAS 
PHASE ON RATE OF OXIDATION 

Work at the Bureau of Mines 45 on 
several coals (0- to %-inch) oxidized at 
99.3° C showed that, when the percentage 
of oxygen in air is decreased from its nor- 
mal value, the decrease in the rate of oxi- 
dation is proportional to the percentage of 
oxygen in the air raised to the 0.61 power, 
or 

Rx ~ constant = M’ 61 (9) 

where Rx= constant — rate of oxidation at 
any given value of X; d = a constant ; and 
[O 2 ] = percentage by volume of oxygen in 
the air. 

Winmill found a value of 0.5 for the ex- 
ponent in equation 9 for coal oxidized at 
30° C. 46 On the other hand, analysis of 
the data obtained by Porter and Ralston 55 
on the oxidation at 200° C in air with re- 
duced oxygen content shows that the rate 
varies with the 0.71 power of the oxygen 
concentration 45 

57 See p. 107 of ref. 32. 


Characteristic Rates of Oxidation of 
Various Coals 

With the aid of the relationships devel- 
oped in the discussion of the effect of the 
various conditions of oxidation upon the 
rate of oxidation, it is possible to convert 
the rates of oxidation observed by various 
workers to a common basis of comparison, 
that is, to standard conditions. Upon this 
common basis the rate of oxidation of a 
coal would be a characteristic of the coal 
only and so called the characteristic rate of 
oxidation; furthermore, these rates could 
still be reported in fundamental units. 
However, before standard conditions can 
be specified more closely, further research 
is needed to allow greater accuracy in the 
prediction of rates of oxidation under con- 
ditions considerably different from those 
under which the data were obtained. 

In Fig. 8 (lower graph) the characteris- 
tic rates of oxidation in air at 99.3° C of 
nine coking coals 58 (0- to %-inch) are 
plotted on semilog scale against the per- 
centage of oxygen (O) 0 plus the percentage 
of pyritic sulfur (S^) in the fresh coal 
(pure-coal basis). The points fall along a 
straight line, the slope of which shows 
higher rates of oxidation for coals of higher 
oxygen plus pyritic sulfur content. These 
tests were made upon samples of coal that 
were representative of the coal seams. The 
sources and analyses of these coals are 
given in Table VII. It may be noted that, 
as the content of pyritic sulfur was low 
compared with the content of oxygen, a 
graph very similar to those in Fig. 8 is ob- 
tained if merely the percentage of oxygen 
in fresh coal is plotted. Furthermore, since 
the percentage of oxygen in fresh coal, in 
general, increases with increasing content 
of volatile matter, a curve very similar in 

58 Schmidt, L. D., Iron Steel Engr 18, No. 3, 
64-70 (1941).. 
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type is obtained when the rate of oxidation the coal and characteristic rate of oxidation 
is plotted against the percentage of volatile would not be as good. However, the gen- 
matter in fresh coal. 59 eral tendency for increased characteristic 

In the upper graph of Fig. 8 the charac- rates of oxidation with increased oxygen 
teristic rate of oxidation of the same coals and volatile-matter contents is observed 
is shown plotted on semilog scale against throughout the range from anthracite to 
an empirical grouping of the coal constitu- lignite, 60 even though there are exceptional 
ents. In this group (C) 0 is the percentage coals. 46 



Fig. 8. Characteristic rates of oxidation of American coals as functions of analysis. 58 


of carbon in fresh coal upon the pure coal 
basis. 

The coals represented in Table VII and 
Fig. 8 cover nearly the whole range of 
analysis 45 of ordinary commercial coking 
coals, yet there is only a threefold range in 
characteristic rate of oxidation. If the field 
were enlarged to include noncoking coals 
there would, of course, be a much larger 
range in the rate of oxidation, and prob- 
ably the correlation between analysis of 

59 Godbert, A. L., and Belcher, R., 11th Ann. 
Rept., Safety in Mines Research Board {London), 
1938, 44 pp. Bunte, K., Bruckner, H., and Ben- 
der, W., Gas - u. Wasserfach, 81, 178-83, 200-3 
(1938). 


CONTENT OF PYRITES AND CHARACTERISTIC 
RATES OF OXIDATION 

Iron disulfide occurs in coal in two crys- 
talline forms, pyrite and marcasite, both 
of which oxidize; for the present purpose 
both will be called pyrites. In all proba- 
bility pyrites occur in all coal, 61 particles 

60 Graham, J. I., Colliery Guardian, 140, 902-4, 
1008-9 (1930). Olin, H. L., and Waterman, W. 
W., Ind. Eng . Chem ., 28,. 1024-5 (1936). Olin, 
H. L., Conrad, P. L., Krouse, M., and Whitson, 
R. E., Ind. Eng. Chem., Anal. Ed., 11, 489-91 
(1939). 

61 Lomax, J., Trans. Inst. Mining Engrs., 46, 

592-635 (1913-4) ; Colliery Guardian , 129, 

1317—8 (1925). Thiessen, R., Trans. Am. Inst. 
Mining Met. Engrs., 63, 913-26 (1919-20). 
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TABLE VII 

Source and Analysis op Nine Coking Coals 


Coal Number 



54* * * § 

52 f 

53 t 

59 § 

60|| 

58 If 

55 ** 

56 ft 

57 tt 

Petrographic analysis, 
percent 

Type 

Bright 

33 

84 

73 

86 

93 

36 

81 

88 

90 

Semisplint 

14 

13 

16 

14 

5 

53 

15 

2 

5 

Splint 

53 

3 

11 

0 

2 

0 

4 

10 

0 

Cannel 






11 



5 

Components 

Anthraxylon 

31 

63 

43 

67 

68 

30 

60 

60 

57 

Translucent attritus 

41 

22 

38 

26 

24 

49 

23 

20 

30 

Opaque attritus 

26 

12 

15 

6 

7 

19 

12 

11 

11 

Fusain 

2 

3 

4 

1 

1 

2 

5 

9 

2 

Chemical analysis, dry 
basis, percent 

Volatile matter 

38.2 

37.3 

33.1 

30.1 

25.4 

22.0 

22.1 

17.7 

17.3 

Fixed carbon 

57.7 

56.4 

62.3 

61.4 

68.1 

69.5 

74.9 

75.6 

75.3 

Ash 

4.1 

6.3 

4.6 

8.5 

6.5 

8.5 

3.0 

6.7 

7.4 

Hydrogen 

5.3 

5.2 

5.2 

5.0 

5.0 

4.6 

4.8 

4.2 

4.4 

Carbon 

80.1 

79.2 

82.4 

79.1 

82.8 

81.5 

87.2 

85.0 

83.7 

Nitrogen 

1.4 

1.6 

1.5 

1.4 

1.4 

1.2 

1.5 

1.2 

1.4 

Oxygen 

8.5 

6.2 

5.6 

5.3 

3.5 

2.6 

2.8 

2.3 

2.0 

Sulfur 

Pyritic 

0.01 

0.85 

0.09 

0.18 

0,02 

0.68 

0.25 

0.06 

0.6 

Nonpyritic 

0.59 

0.65 

0.61 

0.57 

0.74 

0.92 

0.45 

0.54 

0.5 

Friability, percent 

Heating value, calories 

14.4 

27.1 

31.0 

55.1 

74.6 

56.6 

62.2 

68.4 


per gram 

7,894 

7,892 

8,133 

7,822 

8,111 

7,950 

8,444 

8,128 8,011 


* High Splint Seam, Closplint mine, Closplint, Harlan County, Ky. ; rank, high-volatile A. 

f Pittsburgh Seam, Bruceton mine, Bruceton, Allegheny County, Penna. ; rank, high-volatile A. 

t Pond Creek Seam, Majestic mine, Majestic, Pike County, Ky. ; rank, high-volatile A. 

§ Upper Freeport Seam, Morgantown District, Monongalia County, W. Va. ; rank, high-volatile A. 

1 1 Lower Freeport Seam, Indiana County, Pa. ; rank, medium-volatile. 

IT Lower Banner Seam, Keen Mountain mine, Hangar, Buchanan County, Ya. ; rank, medium-volatile. 

** Sewell Seam, Wyoming mine, Wyoming, "Wyoming County, W. Ya. ; rank, medium-volatile, 
ft Pocahontas No. 3 Seam, Buckeye No. 3 mine, Stephanson, Wyoming County, W. Ya. ; rank, low- 
volatile. 

Pocahontas No. 4 Seam, No. 4 mine, Affinity, Raleigh County, W. Ya. ; rank, low-volatile. 


ranging from a few microns in diameter to 
pyritic boulders several feet' in diameter . 62 
There has been considerable controversy 

62 Yancey, H. F., and Fraser, T., Ind. Eng. 
Chem.y 13 , 35—7 (1921) ; Univ. Illinois Eng. Exp. 
Eta., Bull. 125 (1921), 92 pp. Yancey, H. F., 
and Parr, S. W., Ind. Eng. Chem ., 16 , 501-8 
(1924). 


on the subject of the effect of pyrites on 
the observed rate of oxidation of coal at 
low temperatures, especially as to whether 
or not the presence of pyrites causes spon- 
taneous ignition . 21 ^ 63 There is no disagree- 

63 Bone, W. A., and Himus, G. W., Coaly Its 
Constitution and Uses, Longmans, Green & Co., 
London, 1936, pp. 194-205. 
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ment over the fact that pyrites under ordi- 
nary storage conditions consumes oxygen 
and evolves heat in the process. Differ- 
ences of opinion arise in evaluating the 
magnitude and importance of the effects. 64 

Pyrites oxidize as follows: 

2FeS2 + 702 + 2 H 2 O — ■* 

2 H 2 SO 4 + 2 FeS 04 + 62,300 calories 

It will be noted that water enters into the 
reaction as written and that a considerable 
quantity of heat is evolved. 

Winmill 65 measured the rate of oxida- 
tion of pyrites in moist air and found rates 
higher than those of coal of the same par- 
ticle size. In one week of oxidation, the 
rate decreased to about 25 percent of the 
initial rate, whereas for coal in the same 
time the rate decreased to 7 percent of the 
first value observed. Upon washing the 
pyrites with water, the rate increased to a 
point near the original rate. He found 
that the rate was proportional to the sur- 
face exposed and to the percentage oxygen 
in the air, and that this rate doubled for 
every 10° C rise in temperature from 30 to 
60° C. In later experiments, 46 coals of a 
considerable range in pyrites content were 
oxidized in moist air and the amount of 
oxygen consumed by pyrites was deter- 
mined by measuring the increase in amount 
of sulfate caused by oxidation. Winmill 
concluded that as long as the pyrites were 
all in the form of “brass” or as bright thin 
veins, they played a small part in the total 
consumption of oxygen by the coal sample. 
If, however, the pyrites were present in 
high proportion and in a finely divided 
state, they played a very important role. 

64 Graham, J. I., Trans. Inst. Mining Engrs., 
67, 100-13 (1924). Li, S. H., and Parr, S. W., 
Ind. Eng. Chem., 18, 1299-1304 (1926). 

65 Winmill, T. F., Trans. Inst. Mining Engrs., 
51, 500-9 (1915-16). 


Burke and Downs, 66 working with cubes 
of pyrites rotating in normal hydrochlo- 
ric acid solution with oxygen circulating 
through the system, found that the reac- 
tion rate doubled for a 25° C rise in tem- 
perature. They showed that the reaction 
rate -was inhibited by sulfate ions, which 
were adsorbed on the reacting surfaces. 
Consequently, the rate of reaction in dry 
oxygen was considerably less than in aque- 
ous solutions that removed the inhibitor. 
The storage of coal in a place where it 
would be wet repeatedly by rains presum- 
ably would increase the rate of oxidation of 
pyrites. Because of this effect, care must 
be taken in interpreting laboratory results 
where the samples were not subjected to 
occasional wetting. Pyrites exposed in a 
saturated atmosphere have been reported 
to oxidize more rapidly than when im- 
mersed in water. 67 It is interesting to note 
that small amounts of chlorine greatly ac- 
celerate the rate of oxidation of pyrites 
under water. 6S 

MacPherson, Simpkin, and Wild 69 ob- 
served the oxidation in the laboratory of 
coals rich in pyrites and concluded that, 
although pyrites may assist in a minor 
degree in the self-heating of coal, their 
most important effect is the disintegration 
caused in the coal by its oxidation to 
bulkier products. 70 

The consensus of opinion among modern 
writers 63 seems to be that, since the per- 
centage of weight of pyrites present in 
commercial coals is so small, the influence 

66 Burke, S. P., and Downs, R.., Trans. Am. 
Inst. Mining Met. Engrs., 130, 425-42 (1938). 

67 Nicolls, J. H. H., and Swartzman, E., Can. 
Dept. Mines , Mines Branch Rept. 737 (1934), 
pp. 58-62. 

68 Nelson, H. W., Snow, R. D., and Keyes, D. 
B., Ind. Eng. Chem., 25, 1355-8 (1933). 

69 MacPherson, H., Simpkin, S. N., and Wild, 
S. V., Safety in Mines Research Board {London ) , 
Paper 47 (1928), 24 pp. 

70 See p. 16 of ref. 2 and pp. 31-2, 46 of ref. 
12 . 
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of pyrites is a subordinate factor 71 in the 
changes taking place in storage of coal. 
However, the opinion persists, especially 
among men who actually store coal, that 
pyrites serve as the pilot light to start the 
process of spontaneous ignition. 17 

NATURAL OR BED MOISTURE CONTENT 72 AND 
CHARACTERISTIC RATE OF OXIDATION 

In general, the higher the natural or bed 
moisture content of coals, the higher is the 
characteristic rate of oxidation. 46 * 60 Of 
course, in general, high bed moisture con- 
tent is usually associated with high oxygen 
content, both decreasing with increasing 
rank of coal so that either constituent may 
be the important factor as far as present 
knowledge goes. 73 

A clear distinction should be made be- 
tween this general increase in characteris- 
tic rate of oxidation with increasing natural 
moisture content of coals and the much dif- 
ferent situation of the effect on rate of oxi- 
dation of varying amounts of water added 
to a given coal. In this connection Katz 
and Porter 74 compared the rates of oxida- 
tion of dry and moist coal at 25° C. The 
dry tests were made with coal dried in 
Avacuo or in nitrogen over phosphorus pent- 
ixide, which also was present in the oxida- 
tion flask. The results indicated that the 
effect of moisture was very slight. How- 
ever, Graham 46 reported that removal of 
the last traces of water does effect a con- 
siderable reduction in the rate of oxidation. 
The question of the effect of last traces of 
water is still in dispute. 75 This dispute is 

71 Stopes, M. C., and Wheeler, R. V., Fuel, 2, 
29-41, 83-92, 122-32 (1923). 

72 Stansfield, E., and Gilbart, K. C., Trans . 
Am. Inst. Mining Met. Engrs., 101, 125-47 
(1932). 

73 Lea, F. M., Fuel, 7, 430-44 (1928). 

74 Katz, S. H., and Porter, H. C., U. 8. Bur. 
Mines , Tech. Paper 172 (1917), 25 pp. 

75 Mahler, P., Compt. rend., 150, 1521-3 

(1910). Galloway, W., Colliery Guardian, 128, 
1000 (1924). 


rather academic, since water is one product 
of the oxidation reaction and it would prob- 
ably be impossible to maintain the coal 
entirely free of traces of water. There is 
general agreement that if some water is 
present small variations in water content 
have little effect on the rate of oxidation. 
As mentioned previously, a large excess of 
water revives the oxidation process of 
partly .spent pyrites by washing off the in- 
hibiting sulfate ions. 

PETROGRAPHIC ANALYSIS AND CHARACTERIS- 
TIC RATE OF OXIDATION 

The characteristic rates of oxidation of 
the nine coking coals shown in Fig. 8 ex- 
hibit no well-defined correlation with the 
petrographic analyses of these coals given 
in Table VII. This is an indication that 
the various petrographic constituents oxi- 
dize at rates of the same order of magni- 
tude. Graham measured the rates of oxi- 
dation of the various types of coal found 
in the Barnsley Seam. It will be noted in 
Table IV that the greatest difference in 
rate was between cannel coal and Softs, the 
Softs oxidizing 3.4 times as. fast as the 
cannel. 

Lefebvre and Faivre, 76 using an appara- 
tus that permitted very precise results, 
found that vitrain and durain oxidized at 
about the same rate at 250° C, but that 
fusain oxidized at one-tenth this rate. 

Tideswell and Wheeler and Stopes 77 
measured the rates of oxidation for the 
four visible ingredients of banded coal and 
found the following order of decreasing 
oxidizability: fusain, vitrain, clarain, and 
durain. At 100° C, there was no great dif- 
ference in rate of oxidation of the various 
constituents, but at 15° C fusain (previ- 

76 Lefebvre, H., and Faivre, R., Compt. rend., 
203, 881-3 (1936). 

77 Tideswell, F. V., and Wheeler, R. V., J. 
Chem. Eoc., 117, 794-801 (1920). Stopes, M. C., 
and Wheeler, R. V., Fuel, 2, 122-7 (1923). 
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ously evacuated) showed a rate of oxygen 
consumption greater than the other con- 
stituents. Pohl and Ferrari 78 deduced that 
vitrain is the most dangerous constituent 
in connection with spontaneous ignition. 
Francis 79 reported the order of decreasing 
oxidizability to be vitrain, clarain, and 
durain, and that fusain is very oxidizable. 

Francis and Wheeler 80 found that both 
the extracts and residue of coal oxidize in 
oxygen at 100° C. 

It can be concluded that all the constitu- 
ents of coal (except water and ash) oxidize 
when exposed to air at low temperatures. 79 
Although vitrain or anthraxylon is appar- 
ently the most reactive constituent, never- 
theless, all constituents, including fusain, 81 
play a very important part in the reaction. 

Mechanism of the Oxidation Reaction 

and the Physical Structure of Coal 

The mechanism of the reaction between 
gaseous oxygen and coal at low tempera- 
tures is not simple. It probably may be 
expressed somewhat as follows: 


steps. Consequently, the rates of reaction 
of the succeeding steps, 2, 3, and 4, are 
those that control the overall rate of con- 
sumption of oxygen. 

Experimental work has shown that coal 
gains in weight upon oxidation, 83 some- 
times as much as 12 percent of its original 
weight. 84 This shows that the weight of 
oxygen remaining in the coal-oxygen com- 
plex is greater than the weight of carbon 
and hydrogen evolved in gaseous prod- 
ucts. 

In experiments where fine coals are oxi- 
dized at constant temperatures below their 
“ignition point” (below 200° C), in most 
instances roughly one-half the oxygen con- 
sumed remains upon the coal, the other 
half appearing in the gaseous products as 
carbon dioxide, carbon monoxide, and wa- 
ter. 83 Therefore, it can be reasoned that 
steps 2 and 4, taken together, apparently 
proceed at about the same rate as step 3. 
Since in this case step 4 by itself is slower 
than step 3, the net result is that the 
amount of the solid called the “coal-oxygen 


Oxygen 2 * C0 2 , CO, and H 2 0 
0 2 gas i physically A 4 

+ > sorbed •» Coal-oxygen > C0 2 , CO, and H 2 0 

Coal . on coal complex 

surface 


At present little is known about the in- 
dividual steps in this process. It is com- 
monly accepted 54 > 82 that, at low tempera- 
tures (presumably below, say, 200° C) and 
under ordinary conditions, step 1 is ex- 
tremely rapid compared to the succeeding 

TSPohl, H., Kohle u. Ers , 33, 421-4 (1936). 
Ferrari, B., Gluckauf, 74, 765-74 (1938). 

79 Francis, W., Proc. Am. Gas Assoc., 1927, 
1392-8. 

so Francis, W., and Wheeler, R. V., Fuel , 11, 
356-9 (1932). 

81 Kunle, O., Brennstoff-Chem., 9, 295-8 

(1928). 

82 Yohe, G. R., and Harman, C. A., J. Am. 
Chem. Soc., 63, 555-6 (1941). 


complex” increases steadily with increasing 
oxidation of the coal. 

The properties of the “coal-oxygen com- 
plex” are not well known. One gathers 
from reading the literature 85 on the sub- 

83 Parr, S. W., and Milner, R. T., Jnd. Eng. 

Chem., 17, 115-7 (1925) ; Fuel, 5, 298-301 

(1926). Kreulen, D. J. W., Fuel, 5, 345-6 
(1926). Parr, S. W., The Analysis of Fuel, Gas, 
Water and Lubricants, McGraw-Hill Book Co., 
New York, 1932, 371 pp. 

84 Donnelly, J. T., Foott, C. H., Nielsen, H., 
and Reilly, J., J. Soc. Chem. Ind., 47, 1-4T, 
1 39—43 T, 189-92T (1928), 4S, 38-40T, 101-5T 
(1929). 

85 Wheeler, R. V., J. Chem. Soc., 113, 945-55 
(1918). ■ Tideswell, F. V., and Wheeler, R. V., 
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ject that the complex is very unstable. 55 
However, it is apparently fairly stable, at 
least at or below the temperature of its 
formation, as samples of oxidized coal can 
be stored for a long time in tightly stop- 
pered bottles without appreciable change 
in analysis. This solid complex apparently 
is not of definite stoichiometric composi- 
tion. In contact with air during the oxi- 
dation experiments, it probably consumes 
oxygen in much the same way as coal, thus 
leading to step 4. 

The initial rapid decrease in total rate 
of oxygen consumption with time after ex- 
posure of a fresh surface to air (Figs. 2 
and 3) suggests that the coal-oxygen com- 
plex may be fairly resistant to oxidation 
and so has the effect of merely covering the 
active surface of coal, thus decreasing the 
availability of oxygen to the fresh coal 
underneath. The coal-oxygen complex is 
possibly similar to those formed when car- 
bon 86 or wood charcoal 87 is exposed to 
oxygen and no doubt has something in 
common with the peroxides found in the 
oxidation of hydrocarbons and other or- 
ganic materials. 88 

ibid., 115, 895-902 (1919). Haslam, R. T., Fuel, 
7, 253-7 (1928). Berl, E., and Winnacker, K., 
Z. physik. Chem ., A14S, 261-83 (1930). Bunte, 
K., and Bruckner, H., Angew. Chem., 47, 84-6 
(1934). Hock, H., and Schrader, O., Brennstoff - 
Chem., 17, 312 (1936). Krym, V. S., Khim. 
Tverdogo Topliva, 8, 461-72 (1937) ; Chem. Abs., 
32, 1428 (1938). Krym, V. S., and Semenikhin, 
S. I., Khim. Tverdogo Topliva, S, 782-5 (1937) ; 
Chem. Abs., 32, 2319 (1938). Scott, G. S., Jones, 
G. W., and Cooper, H. M., XJ. S. Bar. Mines, Rept. 
Investigations, 339S (1938), 8 pp. Yohe, G. R., 
and Harman, C. A., J. Am. Chem. Soc., 63, 
555-6 (1941). 

86 Langmuir, I., J. Am. Chem. Soc., 37, 1154-6 
(1915). Strickland-Cons table, R. F., Fuel, 19, 
89-93 (1940). 

87 Rhead, T. F. E., and Wheeler, R. V., J. 
Chem. Soc., 103, 461-89 (1913). 

ssPostovskii, I. Y., and Postoyskaya, A., Coke 
and Chem. ( U.S.S.R. ), 4, No. 12, 7-10 (1934) ; 
CMmie & Industrie, 35, 555 (1936). Plissoff, A. 
K., Bull. soc. chim ., 3, 1274-81 (1936). Rur- 


Exhaustive low-temperature oxidation of 
fine, bright coal results in a product that is 
almost completely soluble in caustic solu- 
tions. 89 In fact, the amount of caustic sol- 
uble material formed by the low-tempera- 
ture oxidation of coal is a good measure of 
the extent of oxidation of the coal. 18 These 
caustic soluble materials are called vari- 
ously ulmins, ulmic acid, humins, and hu- 
mic acids, 90 and one would presume from 
their method of preparation that they are 
closely related to the original coal-oxygen 
complex. After precipitation from solution 
with acid, these solids consume oxygen 
from air at low temperatures and are of 
indefinite composition. 

When oxidized coal is heated to tem- 
peratures somewhat below the normal de- 
composition temperature of coal, or as 
oxygen is added continuously in the oxida- 
tion reaction, the coal-oxygen complex de- 
composes, forming carbon dioxide, carbon 
monoxide, and water, 91 the components ap- 

goyne, J. H., Proc. Roy. Soc. ( London ), A175, 
539-63 (1940). 

89 Kreulen, D. J. W., Brennstoff-Chem., 8, 
340-3 (1927). Yohe, G. R., and Harman, C. A., 
Trans. Illinois State Acad. Sci., 32, No. 2, 134-6 
(1939). 

90 Eccles, A., Kay, H., and McCulloch, A., J. 
Soc. Chem. Ind., 51, 49-59T (1932). Smith, R. 
C., and Howard, H. C., J. Am. Chem. Soc., 57, 

•312-6 (1935). Weiler, J. F., Fuel, 14, 190-6 
(1935) ; J. Am. Chem. Soc., 58, 1112-4 (1936). 
Gillet, A. C., Rev. universelle mines, 14, 782-6 
(1938). Morgan, G. T., and Jones, J. I., J. Soc. 
Chem. Ind., 57, 289-92 (1938). 

91 Francis, W., and Wheeler, R. V., J. Chem. 
Soc., 1927, 2958—67. Coles, G., and Graham, J. 
I., Fuel, 7, 21-7 (1928) ; 12, 304-12 (1933). 
Terres, E., and Voituret, K., Gas- u. Wasserfach, 
74, 97-101, 122-8,. 148-54, 178-82 (1931). Hal- 
dane, J. S., and Makgill, R. H., J. Soc. Chem. 
Ind., 53, 359-67T (1934) ; Gas World, 102, 14 
(1935). Lefebvre, H., and Faivre, R., Compt. 
rend., 203, 881-3 (1936). Chukhanov, Z., Tech. 
Phys. (U.S.S.R.), 5, No. 7, 511-24 (1938) ; Fuel, 
18, 292-302 (1939), 19, 17-20, 49-50 (1940). 
Newall, H. E., ibid., 17, 292-9 (1938). Sanders, 
H., GliicJcauf, 74, 921-6 (1938). Scott, G. S., 
and Jones, G. W., U. S. Bur. Mines, Rept. Inves • 
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pearing in various ratios. 63 Sometimes 
more complex decomposition products are 
found. 92 

It has been reported that, upon evacua- 
tion at 200° C, some decomposition and 
evolution of carbon dioxide, carbon monox- 
ide, and water take place and the .charac- 
teristic rate of oxidation of the coal is re- 
stored to values near the original values 
for fresh coal. 93 However, the work of 
Donnelly and others 84 showed that a coal- 
oxygen complex is formed and is stable at 
200° C. The properties of the complex 
may differ greatly with the conditions of 
formation and with difference in coal type. 
Studies of the initial appearance of carbon 
dioxide 94 when fine coal is heated rapidly 
in oxygen showed that, for extensively pre- 
oxidized Illinois coal, carbon dioxide ap- 
peared first at about 125° C, whereas with 
fresh coal it appeared first at about 93° C. 
As both the fresh and the oxidized coals 
were heated in oxygen, these results are not 
a good criterion as to the stability of the 
coal-oxygen complex, except to indicate 
that the complex is not extremely unstable 
at these temperatures. In this connection, 
it should be noted that Coles and Gra- 
ham 95 have shown that preheating coals to 
300° C in vacuo doubled the characteristic 

tigations, 3378 (1938), 6 pp., 3405, (1938), 7 pp. 
Bangham, D. H., and Bennett, J. G., Fuel , 19, 
95-101 (1940). 

92 Fischer, F,, Peters, K., and Cremer, W., 
Brennstoff-Chem 14, 184-7 (1933) ; Fuel, 12, 
394-7 (1933). Peters, K., and Picker, W., 
Angew. Chem., 46, 498-503 (1933). Peters, K., 
and Cremer, W., ibid., 47, 529-36. Smith, R. C., 
Tomarelli, R. C., and Howard, H. C., J. Am. 
Chem. Soc ., 61, 2398-402 (1939). 

93 Tideswell, F. V., and Wheeler, R. V., J. 

Chem. Soc., 113, 945-55 (1918), 115, 895-902 
(1919), 117, 794-801 (1920), 127, 125-32 

(1925). 

94 Parr, S. W., and Coons, C. C., Ind. Eng. 
Chem., 17, 118-20 (1925). 

95 Coles, G., and Graham, J. I., Fuel, 7, 21-7 
(1928). 


rate of oxidation of some coals, although 
other coals were not greatly affected. 

Interaction of oxygen with coal takes 
place on the solid-gas interface. Because 
of the colloidal nature of coal, 96 the super- 
ficial external surface area of a solid sphere 
or cube of coal of known dimensions, how- 
ever, by no means equals the area of the 
solid-gas interface that takes part in the 
reaction with oxygen at low temperatures. 
In other words, coal is to a certain extent 
porous, so that low-temperature oxidation 
occurs on a surface area which is the sum 
of the external and internal surface areas. 
Little is known about how the amount of 
total surface 97 available varies with par- 
ticle size, type of coal, etc. Work is now 
proceeding on this subject at the U. S. Bu- 
reau of Mines by the method of obtaining 
low-temperature adsorption isotherms with 
argon. 98 Preliminary tests indicate that 
the total surface available for adsorption 
of this gas is 10 to 1,000 times greater than 
the external surface; the factor depends on 
the type of coal and the particle size. 

In spite of the fact that gas-adsorption 
experiments 99 indicate that very large in- 

96 Thiessen, R., Ind. Eng. Chem., 24, 1032-41 
(1932). Agde, G., and Hubertus, R., Braun- 
kohlenarch., No. 46, 3-30 (1936) ; Fuel , 16, 288- 
303, 337-41, 366-75 (1937). 

97 Paneth, F., and Radu, A., Ber ., 57, 1221-5 
(1924). Rakovskii, E. V., Andreevskii, D. N., 
and Kunin, A. M., Khim. Tverdogo Topliva , 6, 
593-604 (1935) ; Chem. Abs., 30, 8566 (1936). 

98 Emmett, P. H., and Brunauer, S., J. Am. 
Chem. Soc., 56, 35-41 (1934), 59, 310-5, 1553-64 
(1937). 

99 Graham, J. I., Trans. Inst. Mining Engrs., 

52, 338-47 (1916-17). Tideswell, F. V., and 
Wheeler, R. V., J. Chem. Soc., 113, 945-55 
(1918), 115, 895-902 (1919), 117, 794-801 

(1920). Vondracek, R., and Hlaviea, B., Paliva 
a Topeni, 9, 2-12 (1927) ; Chem. Abs., 22, 3515 
(1928). Eccles, A., Kay, H., and McCulloch, 
A., J. Soc. Chem. Ind., 51, 49-59T (1932). Agde, 
G., and G51z, G., BraunJcohle, 32, 386-90 (1933). 
Coppens, L., Ann. mines Belg., 37, 173-219 
(1936). Ruff, O., and Geselle, P., Z. Berg-, 
Eiitten-, u. Salinenw. deut. Reich, 84, 425-36 
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ternal surface area is available to gases, 
oxygen does not penetrate far into coal. 
Examination and analysis of a large block 
of coal that had been exposed to air at 
room temperatures for 40 years showed 
only very slight oxidation of the coal 2 
inches from the surface. 100 Outcrop coal 
that has been exposed to air for many 
thousands of years shows little evidence of 
oxidation when samples are taken more 
than 50 feet from the exposed part 101 
Furthermore, permeability tests on thin 
sheets (3 millimeters) of solid coal have 
shown that extremely small amounts of 
gases (CH 4 , CO, C0 2 , Ho, N 2 , and 0 2 ) 
are forced through the sheet by pressure 
drops of 1 atmosphere across the sheet. 100 

As a result of these considerations, it ap- 
pears safe to assume for the present that 
ordinarily oxidation is merely a skin effect, 
but that this skin has a large internal sur- 
face area because of pores. The total sur- 
face area of these pores would be expected 
! to be larger for coals of higher bed mois- 
ture content, which may explain the higher 
characteristic rate of oxidation of these 
coals. The rate of diffusion of oxygen into 
these small pores may affect the rate of 
oxidation, even at low temperatures. 

The results shown in Fig. 6 and Table VI 
indicate that the measured characteristic 
rates of oxidation increase with the cube 
root of the external area of the coal par- 
ticles. If no internal surface area w r ere 
available by means of cracks, pores, and 
fissures, direct proportionality would be ex- 
pected. 

(1936) ; Chem. Abs., 31, 8155 (1937). Weiler, 
J. F., J . Am. Chem. Soc. y 58, 1112-4 (1936). 
Syskov, K. I., and Ushakova, A. A., Khim. 
Tverdogo Topliva , S, 692-702 (1937) ; Chem. 
Abs., 33, 1908 (1939). Sinnatt, F. S., Fuel , 19, 
5-7, 38-42 (1940). 

100 Graham, J. I., Trans. I?ist . Mining Engrs., 
58, 32-9 (1919-20). 

101 Porter, H. C., and Fieldner, A. C., V. 8. 
Bur. Mines, Tech. Paper 35 (1914), 35 pp. 


At high temperatures the rate of oxida- 
tion of the internal areas would become 
small relative to the rate of oxidation of 
the external area because of the slowness 
of diffusion of oxygen into the pores. In 
other words, at high temperatures the rate 
of oxidation would be expected to become 
proportional to the external area. 51 

Methods of Measuring Relative Tend- 
encies Toward Spontaneous Ignition 

A large number of methods using many 
different principles have been recom- 
mended for measuring the relative tend- 
encies of various coals toward spontaneous 
ignition. A few of these methods will be 
discussed, and their more obvious advan- 
tages and disadvantages will be pointed out. 

OBSERVATION OF STORAGE PILES OF VARIOUS 
COALS 

The behavior of a coal wdien actually 
stored in large piles is, of course, the stand- 
ard to which all laboratory methods must 
be referred. As a method of testing vari- 
ous coals, it has the decided advantage of 
directness and the disadvantages of high 
cost and poor control or essentially no con- 
trol of the conditions of oxidation. As 
shown previously, the conditions of oxida- 
tion are extremely important. Small ad- 
ventitious changes in conditions of oxida- 
tion in storage can easily outweigh any 
differences in characteristic rate of oxida- 
tion of various coals. Many experiments 
on large piles have been made (for the 
most part not published) that gave incon- 
clusive results because either all the piles 
studied exhibited spontaneous ignition or 
else none of them did. 

It is probable that all coals have been 
stored in large piles without the occurrence 
of spontaneous ignition and also that all 
coals have been known to ignite spontane- 
ously. Table VIII illustrates the great im- 
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TABLE VIII 

Changes in Conditions of Oxidation 58 Re- 
quired to Cause a Three-fold Increase in 
Rate of Oxidation of Two Identical Coals 


Observed rate of oxidation 

1 

3 

Temperature of oxidation 


60° F 

84° F 

Size of coal particles 


( 1-inch 

18 mesh 

48 mesh 

Oxygen in air 


3.5 percent 

20.9 percent 

Time since oxidation f 

Coarse coal 

4 months 

12 hours 

started 1 

Fine coal 

2.9 days 

12 hours 

Oxygen consumed, per- ( 

Coarse coal 

8.72 

0.109 

cent by weight of coal 1 

Fine coal 

0.909 

0.477 


portance of conditions of oxidation. It 
lists five different changes in conditions, 
each one sufficient to cause an approxi- 
mate threefold increase in the observed 
rate of oxidation. 58 Figure 8 shows that a 
threefold range in characteristic rate of 
oxidation covers the field of ordinary com- 
mercial coking coals ranging from 18 to 40 
percent volatile-matter content. A tem- 
perature rise in storage of only 24° F, for 
example, suffices to overcome the greatest 
difference in characteristic oxidation rate 
of these coals. As each of the four inde- 
pendent conditions (the last two items be- 
ing essentially two aspects of the same fac- 
tor) given in Table VIII triples the rate 
of oxidation of a coal, it can be seen that 
all the changes in conditions listed taken 
together could cause an 81-fold increase in 
rate of oxidation. This 81-fold change 
overshadows in importance the small dif- 
ference between different coals. 

The values in Table VIII are very ap- 
proximate and are given merely to illus- 
trate the need for directing research to- 
ward further studies of the effects of vari- 
ous conditions of oxidation on rates rather 
than giving attention exclusively to meas- 
urements of the relative oxidizabilities of 
various coals. 

The disadvantage of poor control over 
conditions of oxidation in large-scale ex- 
periments in coal storage can be overcome, 


at least partly, by the rather expensive 
method of studying the results of a large 
number of experiments, i.e., the statistical 
method. 2 

MEASUREMENTS OF RATES OF OXIDATION AT 
CONSTANT TEMPERATURES 

This method 45 ’ 46 * 102 of obtaining the 
relative tendencies of various coals to ig- 
nite spontaneously has been discussed at 
some length. The advantages are that: 

(1) conditions can be closely controlled; 

(2) conditions can be varied at will and 
singly; (3) results permit broad interpre- 
tations; and (4) samples of coal at various 
definite states of oxidation are made avail- 
able for further tests. The disadvantages 
are that: (1) continuous operation of the 
apparatus is required for long periods of 
time; and (2) correlation of results with 
actual storage conditions is rather involved 
and indirect. 

The first disadvantage listed can be 
avoided by the method of analyzing results 
described early in this chapter if charac- 
teristic rates of oxidation only are wanted, 
that is, if highly oxidized samples (of 
known values of X) are not required for 
further test. Only two accurate analyses 
of the effluent air from the apparatus 
taken at different times are required to 
locate a straight line, as shown in Fig. 1, 
and so determine the characteristic rate of 
oxidation of the sample. It is most inter- 
esting to note that, if the value of b is 
known or is calculated from the screen 
analysis of the coal sample, only one gas 
analysis is essential to determine the char- 
acteristic rate of oxidation. Furthermore, 
if a sample of coal to be tested has been 
exposed to an unknown amount of pre- 

102 Francis, W., and Morris, H. M., U. S. Bur. 
Mines , Bull. 340 (1931), 44 pp. Stansfield, E., 
Lang, W. A., and Gilbart, K. C., Am. Inst. Min- 
ing Met. Engrs.y Contril). 69 (1934), 10 pp. ; 
Fuel, ir>, 12-4 (1936), 
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vious oxidation, this amount of oxidation 
and also the original characteristic rate of 
oxidation can be determined by merely 
taking two gas analyses of the effluent air. 
Substitution of the known or calculated 
value of 6, the two measured rates of oxi- 
dation, and the known interval of time 
between gas analyses in equation 3 is all 
that is required. 

The characteristic rate of oxidation of a 
coal is a measure of its tendency to ignite 
spontaneously. If conditions in the mine 
or storage pile are such that (1) sufficient 
air is available for the oxidation reaction 
and (2) the heat evolved on oxidation of 
the coal is not dissipated but serves to 
raise the temperature of the coal, the ex- 
tremely high temperature coefficient of the 
oxidation reaction (Eig. 5) comes into play 
and the increased rate of oxidation in turn 
results in a further increase in tempera- 
ture, and so on until the accelerating cycle 
brings the coal to a point near its decom- 
position temperature and the appearance 
of gas, fire, and flame soon follows. 

Probably the chief reason why instances 
of spontaneous ignition are not more preva- 
lent is the rapid decrease in rate of oxida- 
tion with increasing time or extent of oxi- 
dation. This factor has been covered rather 
thoroughly for the first time in the fore- 
going pages. When fresh coal is stored 
under ordinary conditions, a race, often 
close, sets in between the effects of the 
high temperature coefficient of the oxida- 
tion reaction, tending to promote spon- 
taneous ignition, and the rapid decrease in 
rate of oxidation as oxygen is consumed. 
The winning effect determines whether or 
not spontaneous ignition occurs. If spon- 
taneous ignition does not occur in the first 
90 days of storage, it is fairly probable that 
it never will; 2 that is, the coal has be- 
come relatively “safe.” It has been shown 
that the decrease in rate of oxidation with 


time or extent of oxidation depends on 
particle size and is the same for all coals 
investigated. Consequently, it is the char- 
acteristic rate of oxidation of a coal that 
determines primarily whether or not spon- 
taneous ignition occurs. 

In the above discussion the rate of heat 
loss has not been considered. It is a vari- 
able depending more upon the height of 
the storage pile and amount of ventilation 
than upon any property of the coal. Of 
course, the moisture content of the coal 
may affect the rate of heat loss and effec- 
tive specific heat of the coal because of the 
evaporative effect. 46 

Experiments have shown that, as would 
be expected, the rate at which heat is 
developed by the oxidation is proportional 
to the rate of oxidation. 103 Lamplough 
and Hill 104 reported the heat evolved in 
the low-temperature oxidation of coal as 
3.3 calories per cubic centimeter (N.T.P.) 
of oxygen consumed. Winmill 46 measured 
the rate of temperature rise in an adiabatic 
calorimeter when coal was oxidized at 40 
to 55° C and found a value of 2.1 calories 
per cubic centimeter of oxygen consumed. 
He also pointed out some reasons why the 
results of Lamplough and Hill may be too 
high. Two and one-tenth calories per cubic 
centimeter of oxygen used corresponds to 
1,470 calories per gram of oxygen used, 
which is about 90 percent of the heat that 
would be evolved if the oxygen went en- 
tirely to the formation of carbon mon- 
oxide. Much information on spontaneous 
ignition can be obtained by utilizing these 
values 105 and the rate of oxidation of a 

103 Davis, J. D., and Byrne, J. F., Ind. Eng. 
Chem. 3 17, 125-30 (1925). 

104 Lamplougli, F. E., and Hill, A. M., Trans. 
Inst. Mining Engrs., 45, 629-57 (1912-13). 

105 Scott, G. S., U. 8. Bur. Mines , Ciro. 7053 
(1939), 10 pp. Scott, G. S., Jones, G. W., and 
Cooper, H. M., Ind. Eng. Chem.j 31, 1025-7 
(1939). 
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coal to calculate the rate of temperature 
rise under various conditions. 46 

MEASUREMENTS OF RATES OF TEMPERATURE 

RISE OF COAL SAMPLES WHEN EXPOSED 
TO AIR OR OXYGEN 

Considerable ingenuity has been exer- 
cised in devising methods to demonstrate 
and study the phenomenon of spontaneous 
ignition in laboratory-scale equipment. It 
is difficult to set conditions just right so 
that the self-heating effect of small coal 
samples is large enough to give precise and 
reproducible results. As will be seen later, 
the expedients that are often employed to 
magnify the small, self-heating effects 
sometimes subject a method to serious ob- 
jections. 

In general, measuring the rate of tem- 
perature rise of small samples exposed to 
oxygen or air has the decided advantage of 
being the most direct laboratory-scale 
method for measuring the relative tend- 
encies of various coals toward spontaneous 
ignition in storage piles. It obviates, at 
least partly, all measurements of the vari- 
ous factors that have just been discussed 
at length, such as the characteristic rate of 
oxidation, the effect of time or extent of 
oxidation on rate, the amount of heat de- 
veloped per unit of oxygen consumed, and 
the effective specific heat of the coal. In 
fact, the method requires essentially only 
one measurement — -the rate of temperature 
rise of the coal. Another advantage is that 
tests are completed in a very short time, 
sometimes requiring less than an hour. 

One general disadvantage of the method 
is that because of its very directness the 
results are not subject to very wide inter- 
pretation; that is, they often apply only to 
the phenomenon of spontaneous ignition, 
although sometimes they are of interest in 
combustion studies. No samples of cokl 
at definite stages of oxidation are made 


available for further tests for changed 
properties. 

It is the relative rate of self-heating of 
various coals at low temperatures, say 
from 30 to 100° C, that is of particular 
interest in studies of spontaneous ignition 
in storage piles. As stated early in the 
chapter, experience with storage piles has 
shown that, if the temperature of the pile 
rises by self-heating to 80 or 100° C, spon- 
taneous ignition is practically assured any- 
way, 2 * 43 > 83 and so the rate of rise from 
80 to the ignition point (200° C) has less 
direct practical significance. 

To obtain a measurable amount of self- 
heating in small samples in the temperature 
range 30 to 100° C, the rate of heat loss 
from the sample must be kept very near 
zero. Winmill 46 obtained this result by 
exposing to oxygen a rather large sample 
(250 grams) in a vacuum bottle immersed 
in a bath, the temperature of which was 
raised at the same rate as the coal; that is, 
the temperature difference, coal to bath, 
was kept near zero. His results, put upon 
an absolute basis by suitable calibration 
of the instrument, have already been dis- 
cussed. 

Davis and Byrne 103 devised the adia- 
batic apparatus shown in Fig. 9. A 24- 
element thermocouple connected to galva- 1 
nometer g actuated photoelectric cell i, 
which, through a suitable system of relays, 
heated oil bath a at the same rate as the 
coal sample in b heated itself by oxidation. 

Results were reported on seven coals and 
a peat sample when exposed to oxygen at 
70° C. Illinois coal (volatile matter 37.2 
percent, oxygen 11.6 percent) showed the 
highest rate of rise in temperature, heating 
from 70 to 100° C in 5.1 hours. Upper 
Kittanning Seam coal (volatile matter 19.5 
percent, oxygen 2.8 percent) showed the 
lowest (except anthracite) rate, requiring 
14 hours for the same rise in temperature. 
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Samples of anthracite, Pocahontas Seam 
coal, and peat did not exhibit self-heating 
when . exposed to oxygen at 70° C in these 
experiments. 

A similar apparatus 106 used to measure 
the effect of small amounts of oil such as 
are employed for * dust-prevention treat- 


thorough investigation of the effects of 
various factors on the results obtained in 
an adiabatic calorimeter. 111 

A great number of tests by methods 
where the rate of heat loss from the sample 
is not kept near zero have been reported. 
Relative values of the tendency for spon- 



ments of fuel 107 showed that oil does not 
increase the tendency for spontaneous ig- 
nition. 108 

Japanese workers, employing the adia- 
batic method, 109 have reported results on 
75 coals. 110 

Makarov and Oreshko have made a 

106 Weinrieh, W., and Gaspari, H. J. R., Ind. 
Eng. Chem., Anal. Ed., S, 307-10 (1936). 

107 Schmidt, L. D., XJ. 8. Bur. Mines , Circ. 
6932 (1937), 10 pp. 

108 Mott, It. A., and Wheeler, R. V., Colliery 
Guardian , 147, 4S3-6 (1933). West, C. E., Coal 
Age , 41, 229-30 (1936). Ambrose, H. A., and 
Gaspari, H. J. R., ibid., 42, 252-4 (1937) ; Power , 
81, No. 7, 37S-S0 (1937). Pilcher, J. 3tf., and 
Sherman, R. A., Bituminous Coal Research, Inc., 
Tech. Rept. 6 (1939), 36 pp. 

109 Inaba, J., Miyagawa, I., and Yamada, M., 
Bui. Set Fakultat. Terkultura , Kjnsu Imp. TJniv., 
3, 210-17 (1928) ; Chem. Abs 23, 2270 (1929). 

no Miyagawa, I., Yamada, M., and Inaba, J., 
J. Fuel Soc. Japan, 8, 776-880 (1929) ,* Chem. 
Abs., 23, 5299 (1929). 


taneous ignition of various coals can be 
obtained in this way if the rate of heat 
loss is not too large and uncertain. Parr 
and Kressman 112 obtained measurable self- 
heating effects at low temperatures by 
using large samples. From 35 to 40 pounds 
of coal was placed in 5-gallon jars with 
perforated bottoms, and these jars were 
exposed to air in ovens maintained at con- 
stant temperatures of 40, 60, SO, and 
115° C. 

Dennstedt and Biinz 113 passed oxygen 
at the rate of 2 or 3 liters an hour through 

in Makarov, S. Z., and Oreshko, V. F., Bull, 
acad. sci. U.R.S.S., Class 8ci. Tech., No. 2, 49-60 
(1940), No. 3, 35-42 (1940), No. 8, 99-112 
(1940) ; Chem. Abs., 35, 8297, 8298 (1941), 36, 
1464 (1942). 

H 2 Parr, S. W., and Kressman, F. W., TJniv. 
Illinois Eng. Exp. 8ta., Bull. 46, (1910), 87 pp. 

113 Dennstedt, M., and Biinz, R., Z. angeiv. 
Chem., 21, 1825-35 (1908). 
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coal at constant temperatures of 135 and 
150° C; they classified coals as follows: (1) 
those in which the temperature of the coal 
did not exceed that of the oil bath at either 
135 or 150° C and which are safe for stor- 
age and transportation; (2) those which, 
after treating 2 hours at 135° C then rais- 
ing to 150° C, showed temperature rise or 
perhaps ignition; (3) those in which the 
temperature of the coal increased only 
slightly but which could be caused to heat 
strongly by increasing the supply of oxy- 
gen and which are dangerous for storage; 
and (4) those which heated rapidly and 
ignited within 2 hours, and which are the 
most dangerous for storage and transport. 

IGNITION AND CROSSING-POINT METHODS AS 

MEASURES OF RELATIVE TENDENCY FOR 
SPONTANEOUS IGNITION 

In these methods the temperature of the 
bath is raised in a prescribed manner, thus 
raising the temperature of the coal through 
which oxygen or air is passed. 114 The rate 
of oxidation of the coal increases until it 
is rapid enough for the coal to self-heat at 
a rate greater than the rate of temperature 
rise of the bath. At this point, the cross- 
ing point, the temperature of the coal be- 
comes equal to that of the bath moment- 
arily, and then usually the coal tempera- 
ture increases rapidly and the appearance 
of fumes, glowing, and ignition soon fol- 

ii4 Wheeler, R. V., J. Chem. Soc., 113, 945-55 
(1918). Dunoyer, L., Chaleur ind., 9, 43-53 
(1928). Kreulen, D. J. W., Brennstoff-Chem ., 
11, 261-2 (1930), 12, 107-11 (1931). Agde, 
G., and Golz, G., Braunkohle, 32, 386-90 (1933). 
Sustmann, PI., and Lehnert, R., Brennstoff-Chem ., 
19, 21-7 (1938). Voitova, E. V., and Zamyatina, 
L. A., Khim . Tverdogo Topliva, 9, 85-91 (1938) ; 
Chem. Abs., 32, 6431 (1938). Nelson, H. W., 
Brysch, O. P., and Lum, J. H., Fuel, 18, 42-55, 
85-91 (1939). Seyler, C. A., and Jenkins, T. E., 
Symposium on Combustion of Solid Fuels, Am. 
Chem . Soc., Boston, Sept. 12, 1939, pp. 18-27; 
Chem. Abs., 34, 6432 (1940). Porter, H. C., Jnd. 
Eng. Chem., 32, 1034-6 (1940). 


low. 115 Reported values of ignition points, 
glow points, 116 and kindling temperatures, 
etc., range from 20° C for peat char 117 to 
600° C for coke, 118 with many bituminous 
coals reported at 150 to 250° C. The values 
obtained depend on the particular appara- 
tus and the conditions. 59 * 119 
The work of Sebastian and Mayers 120 
shows that a modification of the usual 
method of determining the crossing-point 
temperature is very satisfactory for the 
characterization of fuels. Preoxidation 
raises the crossing-point temperature. 59 * 121 
Exhaustive preoxidation in one instance 
raised the temperature of ignition of a coal 
from 120 to above 350° C 122 

RATES OF OXIDATION IN AQUEOUS SOLUTIONS 
OF CHEMICAL OXIDIZING AGENTS 

This method for measuring the relative 
tendencies of various coals towards spon- 
taneous ignition has the advantage that: 

(1) only small samples are required and 

(2) tests are completed in a short time. 
The most obvious disadvantage is that con- 
ns peters, K., and Picker, W., Angew. Chem., 

46, 498-503 (1933). Peters, K., and Cremer, W., 
ibid., 47, 529-36 (1934). Bunte, K., Bruckner, 
H., and Bender, W., ref. 59. 

lie Sinnatt, P. S., and Moore, B., J. Soc . 
Chem. Ind., 39, 72-8T (1920). Moore, B., Fuel, 
11, 267-73 (1932). 

117 Gavrilov, N. N., and Veisburg, L. A., Khim. 
Tverdogo Topliva, 2, No. S, 41-54 (1931) ; Chem. 
Abs., 28, 5960 (1934). 

ns Winter, H., and Monnig, H., Gliickauf, 74, 
335-6 (1938). 

liQ Steinbrecher, H., Braunkohle, 27, 101-8 
(1928). Gartner, K., Matematik., Tenneszettud. 
Ertesito' Magyar Tudomdnyos Akad. ITI Osztdl- 
ydnak Folyoirata , 46, 37S-40S (1929) ; Chem. 
Abs., 25, 2834 (1931). Hartgen, F. A., and 
Smith, D. F., V. S. Bur. Mines , Kept. Investiga- 
tions, 2960 (1929), 5 pp. 

120 Sebastian, J. J. S., and Mayers, M. A., Ind. 
Eng. Chem., 29, 1118-24 (1937). 

121 Parr, S. W., and Coons, C. C., Ind. Eng. 
Chem., 17, 119-20 (1925). 

122 Fischer, F., Peters, K., and Cremer, W., 
Brennstoff-Chem., 14, 184-7 (1933) : Fuel, 12, 
394-7 (1933). Cf. Rees, O. W., and Wagner, 
W. F., Ind. Eng. Chem., 35, 346-8 (1943). 
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ditions differ so greatly from atmospheric 
oxidation in storage that interpretation of 
the results is difficult. The factor of dif- 
ference in wettability of the surface of 
various coals may have an appreciable in- 
fluence on the results. A great many coals 
have been tested by this method, 110 * 123 and 
rates of oxidation increase regularly with 
decreasing rank of coal. 60 

Effect of Oxidation on Properties 
of Coal 

Perhaps it is not too obvious to mention 
that the most serious change that can take 
place in coal on storage occurs when the 
pile fires spontaneously and the coal burns 
to ashes. Barring this unfortunate occur- 
rence, the next most serious change is the 
loss in coking power of coking coals, which 
is of great industrial importance. 

CHANGES IN CARBONIZING PROPERTIES OF 

COKING COALS CAUSED BY ATMOSPHERIC 
OXIDATION 

In general, when crushed coking coals are 
heated above their decomposition tempera- 
ture in the coke oven the original particles 
of coal fuse into coherent blocks of coke. 
No traces remain of the identifying outlines 
of the original pieces of coal. This ability 
to fuse may be destroyed completely by 

123 Kreulen, D. J. W., Brennstoff-Chem 10, 
397-400 (1929). Francis, W. } Fuel , 12, 128-3S 
(1933). Ermolenko, N. F., and Ginzburg, D. Z., 
Belaruskaya Akad. Navuk, Inst . Khim. Sbornik 
Prats., 1, 143-64 (1934) ; Ghent. Abs., 31, 2780 
(1937). Pieters, H. A. J., and Koopmans, H., 
Bet Gas, 54, 71-82, 93-8 (1934). Gauzelin, M., 
and Crussard, L., Rev. ind. min&rale, 1, 373-402 
(1937) ; Fuel , 17, 19-27 (1938). Lowry, H. H. f 
J. Inst. Fuel , 10, 291-301 (1937). Balfour, A. 
E., Blayden, H. E., Carter, A. H., and Riley, H. 
L., J. 8 oc. Ghent. Ind., 57, 1-7 (1938). Francis, 
W., Fuel , 17, 363-72 (1938). Niyogi, B. B., 
Fuel, 17, 228-9 (1938) ; Chem. Abs., 32, 8743 
(1938). Morrison, G. K., J. Chem,. Met. Mining 
Soc. 8. Africa, 40, 201-12 (1939), 237-40 

(1940) ; Bull. Fuel Research Inst. (8. Africa), 
17 (1940), 12 pp. 


storage in air even though no serious heat- 
ing occurs in the coal pile. If, in this ex- 
treme case, the oxidized coal were carbon- 
ized under conditions prevailing in ordi- 
nary commercial coke ovens it would come 
out as loose char, the individual pieces 
closely resembling the pieces of coal that 
entered the oven. 

A rather extensive series of tests has 
been made recently at the U. S. Bureau of 
Mines on change in coking properties with 
oxidation 124 Figure 10 shows a picture of 
the apparatus that was designed and built 
for the controlled oxidation of 182-kilogram 
samples of 0 to %-inch coal 45 The double- 
jacketed drum is half filled with coal and 
rotated slowly while air is passed over the 
coal at a measured rate. Water boiling in 
the outside jacket maintains the coal at 
99.3° C. The amount of oxygen consumed 
by the coal is measured by gas analyses of 
the effluent air. The sources, analyses, and 
characteristic rates of oxidation at 99.3° C 
for nine of the coals tested are shown in 
Table VII and Fig. 8. Periodically samples 
of oxidized coal were taken from the drum 
for analysis and carbonization. Represen- 
tative samples (80 kilograms) were car- 
bonized in cylindrical mild-steel retorts 
(diameter, 46 centimeters) in a furnace 
maintained at 800° C. The physical and 
chemical properties of the coke and by- 
products were determined by standard 
methods. 125 Pictures of typical pieces of 
coke made from each oxidized coal are 
shown in the series of technical papers of 
the U. S. Bureau of Mines covering the 
carbonizing properties of these coals. 126 

124 Schmidt, L. D., Elder, J. L., and Davis, J. 
D., Ind. Eng. Chem., 32, 548-55 (1940). 

125 Fieldner, A. C., and Davis, J. D., U. S. Bur. 
Mines, Monograph 5 (1934), 164 pp. 

126 Fieldner, A. C., et al., 27. <8. Bur. Mines, 
Tech. Papers 594 (1939), 43 pp., 596 (1939), 46 
pp., 599 (1939), 38 pp., 601 (1939)), 45 pp., 604 
(1940), 65 pp., 616 (1941), 47 pp., 621 (1941), 
77 pp. 
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Figure 11 shows the effects of oxidation of 
coal from the Pocahontas No. 3 Seam (coal 
No. 56). Piece A was made from fresh 
coal; B was made from coal that had been 
oxidized for 4 days in air at 99.3° C and 
had consumed 0.55 gram of oxygen per 
100 grams of pure coal; C was made from 
coal that had been oxidized for 11.8 days 


oxidation, but there is general deteriora- 
tion in strength of coke. 

The strength of coke, at least up to a 
certain ill-defined point, is commonly used 
as a criterion of its value for specific pur- 
poses, such as for the foundry and blast 
furnace. In Fig. 12, 58 the coke-strength 
index 127 for each coal is plotted against the 



and had consumed 1.33 grams of oxygen 
per 100 grams of pure coal. The first 
visual evidence of oxidation of the coal was 
a finer cell structure in the coke, accom- 
panied by an increase in the apparent spe- 
cific gravity of the coke. Further oxida- 
tion of the coal resulted in the formation 
of loose char in the entire central portion 
of the charge where the rate of heating was 
lowest. At this advanced stage the shell of 
coherent coke ( C , Fig. 11) that was formed 
in the zone of high heating rate near the 
outside of the retort was of low strength 
and “pebbly.” In general, poor fusion is 
especially pronounced with low-volatile 
coals; with high-volatile coals the tendency 
is for fusion to stay good with increasing 


amount of oxygen that has been consumed 
by the coal. The numerals spaced along 
each curve in this figure indicate the num- 
ber of days’ oxidation in air (20.93 percent 
oxygen) at 99.3° C. The closer the nu- 
merals are spaced, of course, the lower the 
characteristic rate of oxidation of the coal. 

Low-oxygen coals of the high- and 
medium-volatile content category in gen- 
eral are relatively insensitive to oxidation. 
The coke-strength index remains fairly 
constant for a while, even rising some- 

127 Coke-strength index ~ 0.225 (1. 5-inch shat- 
ter) + 0.293 (% -inch tumbler) -f 0.352 (1-inch 
tumbler) 4- 0.202 (percentage of coke from the 
retort retained on a 1-inch screen) + 0.408 (100 
-friability). The coke-strength indexes of all 
nine cokes from fresh coal are adjusted to aver- 
age 100. 
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what, 128 * 129 and then falls rapidly with in- 
creasing oxidation. Coal 54 is a high-vola- 
tile coal, but the oxygen content of the 
fresh coal is exceptionally high for a coking 
coal. Its coking power is very sensitive to 


Figure 12 can be used as a master chart 
to find for each coal the amount of oxygen 
required to reduce the coke strength index 
by 15 percent. This value is represented 
by symbol, X 15) which is a characteristic 



Fig. 11. Effect of oxidation of Pocahontas No. 3 Seam coal on the structure of coke produced 
from it. 12c 

A. Coke from unoxidized coal. 

B. Coke from coal oxidized 4 days in air at 99.3° C. 

C. Coke from coal oxidized 11. S days in air at 99.3° C. 


oxidation. Coals 56 and 57 are in the low- 
volatile classification, and their coking 
power also is relatively sensitive to oxida- 
tion* 

128 Koppers, H. H., Fuel, 12, 52-65 (1933). 
Agde, G., and Winter, A., Brennstoff-Ghem., 15, 
46-50, 64-S (1934). 

129 Schmidt, L. D., Elder, J. L., and Davis, J. 
D., Ind . Eng. Chem 28, 1346-53 (1936) ; Fuel , 
16, 39-48 (1937) ; Gliichauf, 73, 804-6 (1937). 
Price, J. D., Iron Steel Bngr ., 18, No. 3, 71-2 
(1941). 


value for each coal and is an inverse meas- 
ure of the sensitivity of the coking power 
of the coal to oxidation. Figure 13 shows 
an empirical way of plotting this value for 
each coal against the volatile-matter -(F) 0 , 
and oxygen (0) OJ contents of coal. 58 The 
points fall fairly well along a straight line. 

The sensitivity of a new coal can be pre- 
dicted from its analysis by merely substi- 
tuting in the equation given on Fig. 13 the 
percentage volatile matter and oxygen in 


X, Oxygen Consumed, Percent by Weight of Coal 

Fig. 12. Coke strength index as a function of the amount of oxygen consumed by the coal. 58 



( V ) 0 Percent Volatile Matter m Fresh Coal 


Fig. 13. The relation of volatile matter in fresh coal to the sum of the oxygen in the fresh coal 
plus that necessary to reduce the coke strength index by 15 percent. 128 
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the fresh coal, or the sensitivity of a coal 
can be estimated graphically from Fig. 13. 
For example, Pittsburgh Seam coal 52, with 
an original oxygen content for fresh coal 
of 7.0 percent, can consume 2.8 percent 
oxygen before its oxygen sum is up to the 
line value of 9.8 and the coke-strength in- 
dex is decreased by 15 percent. In con- 
trast, fresh High Splint Seam coal 54 of 
about the same volatile matter content has 
a relatively high oxygen content of 8.7 per- 
cent, so that it can consume 1 percent oxy- 
gen before its oxygen sum is up to the line 
and its coke-strength index is decreased by 
15 percent. 

These results indicate that coals of high 
original oxygen content not only consume 
oxygen at a relatively high rate (Fig. 8), 
but also that their coking power is de- 
stroyed by relatively little oxygen. The 
slope of the line in Fig. 13 shows that, the 
higher the volatile-matter content of a 
coal, the higher the original oxygen content 
can be and the coal still have good coking 
and storing qualities. 

Figures 8 and 13 can be used for mak- 
ing rough predictions of the relative storing 
properties of coking coals from the proxi- 
mate and ultimate analyses of the fresh 
coals. Unfortunately, an important factor 
in this prediction is the percentage oxygen 
content of the fresh coal. Customarily this 
value is obtained by difference in the ulti- 
mate analysis and so is subject to relatively 
large experimental error. It is apparent 
that the percentage oxygen in coals is a 
most important factor, and any efforts de- 
voted to further development and more 
prevalent usage of accurate methods for 
the direct determination of oxygen 130 
would be very much worth while. 

130 Kirner, W. R., Ind. Eng. Chem Anal. Ed., 
6, 358-63 (1934), 8, 57-61 (1936). 


EFFECT OF OXIDATION ON YIELDS OF 
CARBONIZATION PRODUCTS 

Table IX shows for the nine coals de- 
scribed in Table VII the effect of oxidation 
on the yields of carbonization products. 58 
The first three columns show the yields 
from fresh coal in kilograms per 100 kilo- 
grams of dry, ash-free coal, and the last 
three columns the percentage change in 
these yields when each coal is oxidized just 

TABLE IX 

Summary of Effects of Oxidation on Car- 
bonization Yields— Average Carbonization 
Yields of Nine Coals 



Values for 

Fresh Coal 

Range from 

Change Caused by 
Oxidation * 

Range from 


High- Low- 


High- Low- 



Vola- Vola- 


Vola- Vola- 


Material 

tile to tile 

Ave. 

tile to tile 

Ave 


percent 


percent 


Coke 

65.1 S4.7 

75.8 

+3.5 -0.22 

+ 1.15 

Tarj 

9.7 2.0 

5.5 

-39.0 -15 

-33.4 

Gas 

17.9 10.9 

13.5 

+ 9.1 -0.5 

+4.1 

Thermal yield 





in gas, calo- 





ries per gram 





of pure coal 

1,860 1,480 

1,672 

Irregular 

-2.6 

Ammonia 

Constant 

0.289 

Irregular 

+ 9.0 

Liquor 

4.9 1.3 

3.0 

Irregular 

+27.1 

Light oil 

1.2 0.5 

0.8 

Irregular 

+ 5.3 


* Each coal oxidized just enough to cause a 
15 percent decrease in the coke-strength index, 
t Excluding High Splint Seam coal 54. 

enough to cause a 15 percent decrease ir 
its coke-strength index. These, percentage 
changes in yield represent about the maxi- 
mum changes that would be expected in 
commercial byproduct ovens from use of 
stored coal. 

The yields of tar decrease rapidly with 
oxidation of the coal, showing, on an aver- 
age, a 33.4 percent decrease from the value 
for fresh coal, when the coals have been 
oxidized just enough to cause a 15 percent 
decrease in coke-strength index. This rapid 
decrease in yield of tar with oxidation 
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makes an excellent measure of the extent 
of the oxidation. Incidentally, it is inter- 
esting to note that the tar yields obtained 
from Pittsburgh Seam coal oxidized at 
three different temperatures indicate that 
the temperature of oxidation in the range 
30 to 100° C is of minor importance. For 
1 percent oxygen consumed (X = 1) the 
yield of tar decreased by 14, 13, and 16 
percent, respectively, for oxidation at 30, 
50, and 99.3° C. 124 

The average yield of gas from oxidized 
coals is 4.1 percent higher, as shown in 
Table IX. Gas analyses showed that this 
increase is due almost entirely to carbon 
dioxide and carbon monoxide. The heating 
value of the gas per unit weight of pure 
coal shows a 2.6 percent decrease upon 
oxidation. 

The increased yield of ammonia from 
oxidized coal may be associated with the 
increase in yield of liquor. In the car- 
bonization process the presence of steam 
protects ammonia from decomposition. 131 

The detailed analyses of tar, coke, and 
light oil did not change greatly with the 
amount of oxidation to which these coals 
were subjected. For example, the analysis 
of coke, including the percentage of sulfur, 
did not change appreciably with oxidation 
of the coal. 

Thiessen 132 also found that the sulfur 
content of cokes did not decrease as much 
as expected when pyrites were oxidized 
before carbonization. The iron compounds 
from the oxidized pyrites increase the re- 
tention of sulfur in the coke. 

Donnelly and others 84 carbonized small 
samples of oxidized coals at 600° C and 
made precise measurements of the yields. 

131 Porter, H. C., Coal Carbonisation, Chemical 
Catalog Co., New York, 1924, p. 83. 

132 Thiessen, G,, Ind. Eng . Chem 27, 473-8 
(1935) ; Fuel , 16 , 352-8 (1937). 


When the coal had consumed 47 percent of 
its weight of oxygen, the yield of tar had 
decreased from 17.0 percent for fresh coal 
to 3.2 percent; the yield of coke had in- 
creased from 77.2 to 79.8 percent, and the 
yield of gas had increased from 2.7 percent 
for fresh coal to 17.5 percent. 

Bhattacherjee and Dutta-Roy 133 found 
that the yield of tar on carbonization 
proved to be the best method for differen- 
tiating oxidized coal from fresh coals. 
Jamieson and others 35 found that upon 
storing coals the coking properties were 
affected before there was any appreciable 
change in other properties. They found 
also that stored coal when carbonized in 
vertical retorts gave an increased thermal 
yield in the gas. This effect may have been 
caused by increased water-gas reaction 
connected with the increase in yield of 
liquor. 

Kattwinkel 134 oxidized three coking coals 
for 90 days in a steam drying oven at 
80° C. The coking powder was destroyed 
completely. The effect on other carboniz- 
ing properties is shown in Table X. 

TABLE X 


Effect of Oxidation upon Carbonization 
Properties of Three Westphalian Coals 184 


Coal No. 

1 

2 

3 

Volatile-matter content of fresh 
coal 

31.3 

26.3 

20.3 

Increase in oxygen content (per- 
cent of coal) 

6.0 

6.2 

2.9 

Increase in weight of coal (per- 
cent of coal) 

3.5 

2.9 

1.8 

Change in yield of tar (percent of 
value for fresh coal) 

-73.8 

-70.3 

-71.2 

Change in yield of gas 

-17.1 

-0.9 

-2.8 

Change in yield of ammonia (per- 
cent of value for fresh coal) 

+ 18.1 

+ 10.7 

+ 6.0 

Change in yield of benzol (per- 
cent of value for fresh coal) 

-49.3 

-27.6 

-21.8 


133 Bliattacherjee, R. C., and Dutta-Roy, R. K.. 
Quart. J. Geol . Mining Met. JSoc. India, 7, 169-SO 
(1935) ; Chem. Abs., 31, 3668 (1937). 

134 Kattwinkel, R., G-liickauf, 63, 160-5 (1927). 
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USE OF PREOXIDIZED COKING COALS 

In general, the oxidation of coking coals 
results in decreased value or deterioration. 
However, in some coals a limited amount 
of oxidation results in stronger coke. 128 ’ 129 
Coals are sometimes deliberately preoxi- 
dized to obtain special plastic properties 
such as decreased “stickiness” 135 or fluid- 
ity 136 or to change the characteristics of 
the mix going to the coke oven. Coke-oven 
tests have shown that fine coal weathered 
for several months to a year could replace 
part of the low-volatile coal used for blend- 
ing. 137 Excessive expansion in the coke 
oven can be controlled by preheating or 
preoxidation, often at the cost of lowered 
coke strength. 13 8 Many patents have been 
issued for methods of obtaining certain 
desired changes in coking characteristics by 
preoxidation. 

Durain, coked after strong preoxidation, 
can be converted to highly activated car- 
bon. 139 

CHANGE IN AGGLUTINATING VALUE WITH 
OXIDATION 

The agglutinating value 140 is reported 
as the crushing strength, in kilograms, of 
pellets made by carbonizing a small charge 
containing 15 parts by weight of sand or 
silicon carbide to 1 part of powdered coal. 

135 Lesher, C. E., and Zimmerman. R. E., Coal 
Age , 44, No. 3, 45-9 (1939) ; Trans . Am. Inst. 
Mining Met. Engrs ., 139, 32S-63 (1940). 

136 Jappelt, A., and Steinmann, A., Oel u. 

Kohle, 13, 1027-30 (1937). Steinmann, A., 

Brannkohlenarch ., No. 49-30, 3-29 (1938). 

137 Michaelis, P., Gliickauf, 71, 413-23 (1935). 
Sapozhnikov, L. M., Coal Carbonisation , 3, 42-4, 
95-7 (1937). 

13S Peters, K., and Cremer, W,, Brennstoff - 
Chem ., 14, 445-50 (1933). Ipfelkofer, J., Gas- u. 
Wasserfach, 83, 217-21, 233-6 (1940). 

139 Lambris, G., and Boll, H., Brennstoff-Chem 
19, 177-84 (1938). 

140 Proc. Am. Soc . Testing Materials , 34, Pt. I, 
pp. 457—62 (1934). Am. Soc. Testing Materials, 
Tentative Standards , 193S, Pt. II, Non-Metals, 
95-100. 


The agglutinating value provides one of the 
best criteria of the extent of oxidation of 
stored coking coals. 141 Although not the 
most sensitive indication of extent of oxi- 
dation, it has the decided advantage that 
it measures a property of coal closely re- 
lated to coking power. In Fig. 14 the ag- 
glutinating values of the coking coals de- 
scribed in Table VII are shown plotted 
against the extent of oxidation. 124 Unless 
otherwise indicated, the values are for coal 
oxidized in the zero to %-inch size in air 
at 99.3° C. It will be noted that in most 
instances the agglutinating values decrease 
at an accelerating rate as oxidation prog- 
resses. A short, vertical line is drawn on 
each curve at the point where oxidation 
had caused a 15 percent decrease in the 
coke-strength index. On the average of 
nine coals, a 34 percent decrease in agglu- 
tinating value resulted in a 15 percent de- 
crease in coke-strength index, and no single 
coal deviated very significantly from this 
average behavior. In other words, for 
most of the coals taken singly, a 34 percent 
decrease in agglutinating value resulted in 
roughly a 15 percent decrease in coke- 
strength index. 

Among the ways that operators of coke 
plants can compensate for the effect of 
oxidation of stored coals are: (1) by in- 
creasing the percentage of low-volatile coal 
in the mix, (2) by mixing increased 
amounts of fresh coal with the stored coal 
going to the ovens, or (3) by increasing 
oven temperature. The agglutinating- 
value test should be of assistance to oper- 
ators in making appropriate changes to 
compensate for oxidized coal. 56 The exact 
method of utilizing agglutinating values for 
this purpose must be determined by the 

i4i Barash, M., J. Soc. Chem. Ind., 48, 174- 
183T (1929). Marshall, S. M., Yancey, H. F., 
and Richardson, A. C., Trans. Am. Inst. Mining 
Met. Engrs., 88, 389-93 (1940). Agde, G., and 
Winter, A., Brennstoff-Chem., 15, 46-50 (1934). 
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operator by correlation with experience 
under the particular conditions of oper- 
ation. 

Finney has reported that, with some 
high-volatile coals, difficulties occur in 
pushing coke from the ovens before oxida- 
tion is extensive enough to affect the agglu- 
tinating value materially. 142 A more sensi- 
tive test for oxidation of the coal would 
help operators to minimize operating 
troubles and aid in producing better 
coke. 143 


extent of oxidation. 145 Kucherenko 145 
found that swelling pressure at constant 
volume was a much more sensitive measure 
of extent of oxidation than was the agglu- 
tinating value and that it correlated well 
with the decrease in thickness of the plastic 
layer caused by increasing oxidation. 

CHANGES IN PROXIMATE AND ULTIMATE 
ANALYSIS CAUSED BY OXIDATION 

Study of the changes in proximate and 
ultimate analysis caused by progressive 



Fig. 14. Agglutinating values of American coals as a function of extent of oxidation. 124 


Boll 144 reported that a method for meas- 
uring expansion pressure proved to be 
much more sensitive to oxidation than the 
agglutinating value. A few tenths of 1 per- 
cent oxygen consumed reduced this value 
to zero, whereas the agglutinating value 
was strongly influenced only after 2 per- 
cent oxygen had been added. The free 
expansion did not decrease appreciably 
until 0.5 to 2.0 percent oxygen had been 
added. Addition of small amounts of sul- 
fur, selenium, and boric acid had much the 
same effect on these tests as oxygen. Other 
measures of the plastic properties of coal 
have also proved to be sensitive to the 

142 Finney, D. P., Iron Steel Engr 18, No. 3, 
70 (1931). 

143 Hagedorn, F. A., ibid IS, No. 3, 70-1 
(1941). 

144 Boll, H., dissertation, Aachen, 1933, 29 pp. ; 
Gas- u. Wasserfach, 80 , 209 (1937). 


oxidation of the nine coking coals in Table 
YII showed that the heating value and 
percentage carbon content of the samples 
decreased linearly with increasing extent of 
oxidation (X), while the percentage oxy- 
gen in the coal increased linearly. 124 Table 
XI indicates the extent of these changes 
when the average coal has consumed 1 
gram of oxygen per 100 grams of pure 
coal. 58 

Probably the best single measure of 
extent of oxidation among these changes 
is the 0.69 percent decrease in heating 
value. It should be noted that these 

145 Fox well, G. E., Fuel, 3, 319 (1924). Ku- 
cherenko, N, A., Coke and Ghem. ( U.S.S.R . ), 
1933, No. 12, 63-5 ; Ghem. Abs., 29, 82S4 (1935). 
Jung, G., Glilckaufy 71, 1141-8 (1935). Spooner, 
C. E., and Mott, R. A., Fuel, 16, 96-106 (1937). 
Brewer, R. E., Holmes, C. R., and Davis, J. D., 
Ind . Eng. Chem. 3 32, 930-4 (1940). 
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TABLE XI 

Changes in Proximate and Ultimate Anal- 
ysis with Oxidation op Coal: Changes in 
Pkoximate and Ultimate Analyses Based 
upon the Average for Nine Coals Oxidized 
at 99.3° C (Moisture- and Ash-Pree Basis) 


Oxygen consumed, percent by weight of 
coal 1 

Days in air at 99.3° C (0 to M-rnch coal) 4.5 

Decrease in heating value, percent 0 . 69 

Decrease in carbon content, percent of 
coal 0 . 40 

Increase in oxygen content, percent of 
coal 0.49 

Decrease in volatile matter content, per- 
cent of coal 0.6 

Increase in real specific gravity of coal, * 
percent 0.9 


* Tentative ; based upon only tvro coals. 

changes are the changes in analysis and as 
such are not corrected for the change in 
weight of coal upon oxidation. In other 
words, the 0.69 percent decrease in heating 
value is the apparent change and is larger 
than the true loss in heating value based 
upon unit weight of fresh coal. 

Table XII summarizes data on losses in 
heating value per unit weight of coal ob- 
served in large piles of various bituminous 
coals. Because of the difficulty in obtain- 
ing representative samples, most of the 
values given are only approximate, but 
they show that loss in heating value does 
not have great commercial importance, un- 
less serious heating should occur. 

Usually the volatile-matter content of 
coal changes but slightly and in an irregu- 
lar manner as oxidation progresses. There 
seems to be a tendency for minima to be 
reached, and the higher the original vola- 
tile-matter content the more oxidation is 
required to attain these minimum values. 124 

Scott and Jones 146 oxidized anthracite 

148 Scott, G. S., and Jones, G. W., U . S . Bur . 
Mines , Rept. Investigations , 3504 (1940), 8 pp. 


TABLE XII 

Percentage Loss in Heating Value per 
Unit Weight of Coal, on Storage in 
Large Piles 


Total Per- Average 


Refer- 

Years 

centage Loss 

Annual 

ence 

of 

in Heating 

Percentage 

Number 

Storage 

Value 

Loss 

147 

2.5 

3.09 

1.24 

17 

3.0 

1.66 

0.55 

17 

0.75 

0.97 

1.3 

16 

4.5 

0.50 

0.11 

32 

10.0 

1.9 

0.19 

9 

1.25 

0.91 

0.73 

Average 

3.67 

1.51 

0.69 

(28 to 48 mesh) for 35 days in 

oxygen at 

300° C. 

Under these extreme 

conditions, 

the volatile-matter content increased from 

5.7 to 57.3 percent 

on a pure 

coal basis. 


A weight loss of more than 78 percent of 
the original dry weight occurred in this 
period. 

Scarf, Hall, and Yearsley 32 found that 
2% years’ outdoor storage of coal (%-inch 
to %6-inch) decreased the volatile-matter 
content from 37.8 to 36.5 percent, de- 
creased the carbon content from 84.57 to 
83.86 percent, increased the oxygen con- 
tent from 7.62 to 8.34 percent on a dry, 
mineral-matter-free basis, and decreased 
the ash content from 11.06 to 10.03 per- 
cent. 

Kunle 81 reported that heating a sample 
of bituminous coal for 10 hours at 225° C 
raised the oxygen content from 9.9 to 23.9 
percent and increased the volatile content 
1 percent. The oxygen content of fusain 
treated similarly increased from 5.5 to 17.4 
percent. Krym 85 found that the maxi- 
mum oxygen content attained on oxidation 
in air at 150° C corresponded to the maxi- 
mum increase in weight of 9 percent and 

147 Olin, H. L., Fuel , 16, 256-8 (1937). 
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to the maximum hygroscopicity. This in- 
creased hygroscopicity may be due to in- 
creases in hydroxyl, carbonyl, and car- 
boxyl groups, possibly correlating with de- 
crease in methoxyl groups. 122 * 148 

EFFECT OF OXIDATION ON SOLUBILITY 

The increase in solubility in caustic solu- 
tions is one of the most sensitive measures 
of the extent of oxidation of coal. 13 * 79 > 90 * 149 
Exhaustive low-temperature oxidation of 
fine coal results in almost complete solu- 
bility. 90 ’ 150 Bunte and others 59 found 
that 24 hours’ oxidation at room tempera- 
ture increased the solubility in hot water 
to such an extent that it made a good meas- 
ure of the extent of oxidation of the coal. 
The soluble material proved to be mostly 
oxalic acid. 

Kreulen and others 52 oxidized 125-mesh 
coal in oxygen at 200 to 260° C for periods 
up to an hour and found that the extracts 
in 3 to 4 percent sodium hydroxide solu- 
tion (humic acid) had oxygen contents of 
about 28 percent. The oxygen content of 
the residue increased regularly with in- 
creased amount of oxidation of the coal. A 
second extraction with caustic solution 
produced about one-half as much extract 
as was obtained the first time. A second 
oxidation of the residue produced almost 
twice as much caustic soluble material as 
the first oxidation of the coal. 

148 Karavaev, N. M., Rapoport, I. B., and Khol- 
ler, V. A., Khim . Tverdogo Topliva , 4, 215-35 
(1933) ; Ohimie & Industrie , 31, 550-1 (1934). 
Karavaev, N. M., Rapoport, I. B., and Kholler, 
V. A., Khim. Tverdogo Topliva , 5, 510-25 
(1934) ; Chem. Abs., 29, 8284 (1935). Karavaev, 
N. M., and Ivanov, A. K., Mon. prod, chiin., IS, 
No. 207, 6-13 (1936) ; Chem. Abs., 32, 6031 
(1938). 

149 Francis, W., and Wheeler, R. V., J. Chem. 
8 oc., 1931, 586-93. Lynch, C. S., and Collett, 
A. R., Fuel, 11, 408-15 (1932). 

150 Francis, W., and Wheeler, R. V., J. Chem. 
Soc., 127 , 118-9 (1925). Fuchs, W„ and Sand- 
hoff, A. G., Fuel, 19, 45-8, 69-72 (1940). 


When coal is oxidized in alkaline solu- 
tions of chemical oxidizing agents the two 
processes of oxidation and dissolution occur 
simultaneously. 151 The dissolved material 
is also attacked by the oxidizing agent. 152 

With regard to solubility in organic sol- 
vents, oxidation of coal is reported to de- 
crease the solubility to some extent for 
many solvents. 128 ’ 153 In general, both ex- 
tract and residue are oxidizable in air at 
low temperatures, 154 and no very signifi- 
cant difference in characteristic rate of 
oxidation has been shown. 80 ’ 155 Coal ex- 
tracted with pyridine showed normal be- 
havior when oxidized in air. 102 * 156 Fisch- 
er 122 found that a coal that showed 7.5 
percent by weight of coal extractable with 
benzene (40 hours) and 1.5 percent with 
ethyl alcohol, after 30 days’ oxidation at 
110° C showed only 0.03 percent soluble in 
benzene but was soluble in alcohol to the 
extent of 7.4 percent. The alcohol extract 
of fresh coal was not soluble in ammonia, 
but the larger amount of extract from 
oxidized coal was. Oxidation of the ben- 
zene and petroleum-ether-soluble extracts 
(originally insoluble in ammonia) made 
them insoluble in these two solvents but 
soluble in ammonia. 

Relative Storability of Various Coals 

Many factors other than oxidation enter 
into any classification of coals upon the 

151 See Morrison, G. K., Francis, W., Gauzelin, 
M., and Crussard, L., in ref. 123. 

152 Cliarpy, G., and Decorps, G., Compt. rend., 
173, 807 (1921). Morgan, G. T., and Jones, J. 
I., ref. 90. 

153 Mendelsohn, J., J. Chem. Met. Mining Soc. S. 
Africa, 33, 285-9 (1933). Barash, M., ref. 141. 

154 Parr, S. W., and Hadley, H. F., Vniv. III. 
Eng. Exp. Sta., Bull. 76 (1914), 41 pp. ; Fuel, 4, 
31-8, 49-55, 111-8 (1925). Kuznetsov, M. I., 
Khim. Tverdogo Topliva, 6, 515-30 (1935) ; Fuel, 
16, 114-21 (1937). 

- 155 Davis, J. D., and Reynolds, D. A., Fuel, 5, 
405-11 (1926). 

156 Schmidt, L. D., and Elder, J. L., Ind. Eng. 
Chem., 32, 256 (1940). 
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basis of how well they store. To some 
extent, the relative “storability” of a coal 
depends on the purpose for which it is 
destined. For example, possible impair- 
ment of coking power in storage would not 
be as important a factor for coals to be 
burned as for coals to be coked. Conse- 
quently, the relative importance of the 
various changes that take place in storage 
depends on how the coal is to be utilized. 


erty of a coal. The results are expressed 
as the friability of the coal, that is, the 
percentage reduction in average particle 
size of lump coal caused by tumbling in a 
special rotating jar. The higher the fri- 
ability of a coal the lower its mechanical 
strength and the more lumps will break 
up upon mechanical shock. 

In Fig. 15, the friability of a number of 
coals is shown plotted against the percent- 
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Fig. 15. The relation of the friability of American coals to fixed carbon. 107 


The changes caused by interaction of the 
coal with the oxygen of the air have been 
discussed in some detail. They are not 
necessarily the most important changes 
from a commercial point of view. Often 
the amount of size degradation in handling 
and in storage is the factor of major im- 
portance in choice of a coal. 

MECHANICAL STRENGTH OF COALS 

Breakage on handling, with resultant size 
degradation and increase in surface ex- 
posed to air, is an important factor in the 
storability of a coal. 

Laboratory tests 157 have been devised 
that give a practical measure of this prop- 

157 Yancey, H. F., Johnson, K. A., and Selvlg, 
W. A.. U. 8. Bur. Mines, Tech. Paper 512 (1932), 
94 pp. 


age of fixed carbon 157 on the as-received- 
moisture but ash-free basis. The correla- 
tion is not good, but there is a general 
tendency for increasing friability with in- 
creasing rank, with the notable exception 
of the anthracites. In other words, in gen- 
eral, bituminous coals of higher rank suffer 
higher production of fines in mining and 
handling, with the result that greater sur- 
face is exposed to oxidation. 

SLACKING OF COAL 

Exposure to the elements causes exten- 
sive degradation in the size of some 
coals. 32 * 34 ’ 15S ’ 159 This effect is particu- 

15 S Nicolls, J. H. H., Can. Dept. Mines, Mines 
Branch Kept. 671 (1927), pp. 101-5. 

159 Fritsche, K., Braunhohlenarch No. 52, 3-44 
fl939). Lavine, I., Lignite, Occurrence and 
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larly marked with subbituminous coals and 
lignite and is of great commercial impor- 
tance for these fuels. In fact, the slacking 
tendency of subbituminous coal is one of 
the characteristics for distinguishing it 
from bituminous coal. This size disintegra- 
tion on weathering is intimately connected^ 
with the very high natural or bed moisture 
content of the low-rank coals and lignite. 157 


fuels. 161 It consists in air-drying lumps of 
coal at 30 to 35 percent relative humid- 
ity 162 (30 to 35° C) for 24 hours, then 
immersing in water for an hour and air- 
drying for 24 hours. The percentage of 
the original sample that disintegrates suf- 
ficiently to pass a ^-inch square screen is 
called the “slacking index.” 

In tests on a large number of coals 157 it 
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Fig. 16. The relation of the slacking index of American coals to bed moisture. 107 


In general, coals that slack readily con- 
tain relatively large amounts of water, and 
loss of this moisture causes shrinkage of 
the coal. When the rate of moisture loss 
at the surface is greater than the rate of 
replacement by water from the interior of 
a piece, the shrinkage of the coal near the 
surface is greater than that in the interior. 
This unequal shrinkage causes stresses to 
be set up in the surface coal, with the 
result that the coal may crack and disin- 
tegrate. Rain on dried surfaces can also 
cause unequal expansion, with resultant 
disintegration. No slacking occurs in 
underwater storage. 160 

Laboratory tests have been developed to 
measure the relative slacking tendency of 

Properties , Dept, of Chemical Engineering, Univ. 
of North Dakota, 1940, pp. 83-4. 

160 Nicolls, J. H. H., and Swartzman, E., Can. 
Dept . Mines, Mines Branch Rept. 712 (1930), pp. 
25-6. 


was found that slacking indexes ranged 
from nearly zero for some bituminous 
coals to nearly 100 for a Texas lignite. In 
Fig. 16 the slacking index is plotted against 
the bed moisture content of the coals. For 
coals below 10 percent bed moisture con- 
tent, little trouble may be expected from 
slacking; above 10 percent there is a defi- 
nite tendency for increased slacking. 

LOSS IN COKING POWER 

The rate of deterioration of coking 
power on storage is a very important fac- 
tor in rating the relative “storability” of 
various coals, especially where the coal is 
to be stored for subsequent use in coke 

161 Fieldner, A. C., Selvig, W. A., and Frederic, 
W. H., U. S. Bur. Mines, Rept. Investigations 
3055 (1930), 24 pp. 

162 Stansfield, E., and Gilbart, K. C., Trans. 
Am. Inst. Mining Met. Engrs 108, 237-42 
(1934). 
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ovens. Extensive tests on the nine coking 
coals described in Table VII showed a nine- 
fold range in the allowable time of storage 
in air 58 if no serious heating occurs. That 
is, accelerated weathering tests indicated 
that coal No. 60 (a strongly coking, low- 
oxygen coal) could be stored in air nine 
times as long as coal No. 54 (a weakly 
coking, high-oxygen coal) before suffering 
serious impairment of coking power. In 
general, the high-volatile coals could be 
stored in air longer than the low-volatile 
coals. On the basis of a given degree of 
impairment of coking power, coal No. 57, 
a low-volatile coal, could be stored in air 
only one-fourth as long as coal No. 52, a 
high-volatile coal. This range in sensi- 
tivity of coking power to oxidation would 
probably be greater if a larger number of 
coals were tested. The loss of agglutinat- 
ing power with oxidation is a good labora- 
tory-scale measure of the sensitivity of 
coking power to oxidation, and data 
have been reported for a number of 
coals. 34 ' 142 » 163 It is to be hoped that the 
list of coals that have been tested in this 
way will be extended. 

CHANGE IN COMBUSTION PROPERTIES 

Aside from the small loss in heating 
value on storage, there are other rather 
poorly defined changes in the combustion 
characteristics of coal. The ignition tem- 
perature is raised somewhat, 164 and there 
is a decrease in the “liveliness” of the fire, 
accompanied by the necessity for more 
draft. Boiler efficiency is not necessarily 
decreased w r hen stored coal is burned, 10 
although there may be some loss in evapo- 
rative power per unit weight of fuel. 147 
The loss in coking power, of course, changes 

163 Rose, H. J., and Sebastian, J. J. S., Trans. 
Am. Inst. Mining Met . Engrs SS, 556-84 (1930). 
Marshall, S. M., et al., ref. 141. 

164 Moore, B., and Sinnatt, F. S„ Fuel, 5, 
377-80 (1926). 


the combustion characteristics, especially 
in the behavior on grates. In domestic 
underfeed stokers, the' decrease in coking 
power resulting from storage may prove 
beneficial because of a decreased tendency 
to form coke trees. 

Probably one of the major factors deter- 
mining the relative storability of various 
coals for power-plant usage is their rela- 
tive tendency for spontaneous ignition. 

RELATIVE TENDENCY TOWARD SPONTANEOUS 
IGNITION 

The characteristics of a coal that are 
most important in causing a tendency to 
ignite spontaneously are high character- 
istic rate of oxidation, high friability, and 
the presence of relatively large amounts of 
finely divided pyrites. Fortunately, the 
general increase in characteristic rate of 
oxidation of bituminous coals with de- 
creasing rank of coal is at least partly 
compensated for by decreased friability. 
High characteristic rate of oxidation is 
often correlated with coals low in rank 
and with relatively high contents of bed 
moisture, 46 oxygen, 60 volatile matter, and 
pj'rites. 

As will be seen, the high content of 
moisture has some most interesting effects. 
In the first place, high content of natural 
or bed moisture is probably always asso- 
ciated with a large internal surface area, 
especially after the coal is partly dried, 
leaving some of the pore space available 
for attack by oxygen. 

Most writers on the subject of spon- 
taneous ignition list recommendations 
which, if followed in making storage piles, 
have been found by experience to lessen 
the chances for spontaneous ignition. No 
satisfactory explanation has ever been 
given for some of these effects; for ex- 
ample: (1) a rather strange but often- 
'repeated recommendation that coals from 
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different sources should not be piled to- 
gether; 23 (2) that fresh coal should not 
be piled on an old pile that has weath- 
ered, 14 since contact of fresh-mined coals 
with older seasoned coals acts as tinder at 
the point of contact; 40 » 165 (3) that prac- 
tical men show a decided reluctance to put 
out fires in coal piles by means of water — 
as one man expressed it, “Once you begin 
to use water it will be necessary to keep 
it up as long as that lot of coal remains 
in storage”; 166 (4) that a shipment of 
coal that is especially wet should not be 
piled with other coal, and that coal should 
not be stored under gutters 23 where rain- 
water will be conducted onto the pile; and 
(5) that fires occur after especially rainy 
weather — the author has noted that prac- 
tical men do not accept with good grace 
the explanation that previously existent 
fires are merely detected after rains by 
means of the visible evolution of steam. 

It is here suggested, apparently for the 
first time, that this queerly assorted lot 
of observations and recommendations that 
have been without satisfactory explanation 
may stem from a common cause. That 
common cause may very well be the move- 
ment of water vapor 12 > 21 « 46 through the 
pile, with subsequent condensation on other 
coal. The heat of condensation of water 
vapor at storage temperatures is about 580 
calories per gram of water (1,040 Btu per 
pound). The condensation of the small 
amount of water required to increase the 
moisture content from, say, 3 percent of 
the weight of the coal to 4 percent is 
sufficient to raise the temperature of the 
coal more than 17° C. This rise in tem- 
perature is sufficient to increase the rate 

165 Francis, W., Fuel , 17, 363^-72 (1938). 

Yohe, G. R., and Harman, C. A., J. Am. Chem. 
Soc ., 63, 555-6 (1941). 

166 Abbott, W. L., Factory , 26, 969 (1921). 
Hoskin, A. J., Purdue Univ. Exp. Sta ., Bull. 30, 
(1928), p. 45. 


675 

of oxidation of the coal more than fivefold 
(Fig. 5). Only a small change in the rela- 
tive humidity of the air in a coal pile would 
cause an increase of 1 per cent in moisture 
content of the coal and result in a great 
increase in the probability of spontaneous 
ignition. For example, where especially 
wet coal is piled with other coal, the sen- 
sible heat content of the wet coal would 
raise the temperature of drier coal in some 
other part of the pile and so give powerful 
impetus to the cycle that ends in sponta- 
neous ignition. 167 Likewise, coal from dif- 
ferent mines or fresh coal from the same 
mine may, by the time of arrival at the 
storage yard, be at equilibrium with rela- 
tive humidity differing from that of the 
pile of coal made previously. The experi- 
ence related by Hoskin, 14 wherein previ- 
ously dried and well-aged coal used as a 
base for fresh coal caused fires to appear 
after 13 days at the junction of moist and 
dry coal, could be explained as follows : the 
dry coal was subjected suddenly to an at- 
mosphere at practically 100 percent rela- 
tive humidity, and, in this particular case, 
not only the heat of condensation of water 
vapor would be available, but also the heat 
of wetting of coal, 168 so that the resultant 
temperature rise of the old, seasoned coal 
could be communicated by conduction and 
convection to points in the fresh, active 
coal, causing local “hot spots” to appear. 

Upon the basis of the above theory, the 
generally unfavorable experience encoun- 
tered in extinguishing hot spots or fires in 
coal piles by use of water could be ex- 
plained by the steam formed acting as a 
heat-transfer agent. Heat transferred from 
a hot spot, usually of very limited extent, 44 

167 It can be shown that, if coal at equilibrium 
with a relative humidity of 50 percent is covered 
with wet coal at the same temperature, a rise of 
11° C in the drier coal may result. 

168 Porter, H. C., and Ralston, O. C., U. 8. Bur. 
Mines, Tech. Paper 113 (1916), 30 pp. 
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where the compensating effect of low oxy- 
gen concentration is, no doubt, already 
holding the fire in check, to a large volume 
of the pile where oxygen is still available 
in ample quantities could easily aggravate 
matters instead of helping, unless large 
enough quantities of water are available 
to cool essentially the whole pile. Rainy 
weather could cause new fires to appear by 
this same process. Of course, when hot 
spots or fires can be flooded quickly enough 
so that no appreciable quantities of steam 
are formed, no difficulties arise. For ex- 
ample, forcing pipes into a pile and then 
flooding with water and a limestone slurry 
under pressure proved successful in extin- 
guishing a spoil-bank fire. 169 As coal does 
not wet readily, the use of chemical wet- 
ting agents in the water should prove prac- 
ticable. 

Summary and Conclusions 

Changes that occur in coal on storage 
depend on the following occurrences: (1) 
all the visible constituents, except ash and 
I moisture, of all coals consume oxygen from 
the air; and (2) moisture loss from high- 
moisture subbituminous coals and lignite 
causes slacking or size degradation. 

The rate of the oxidation reaction (1) 
increases by a factor of 2.2 for each 10° C 
rise in temperature, (2) increases with the 
0.61 power of the oxygen concentration in 
the air, (3) apparently increases propor- 
tionally to about the cube root of the spe- 
cific surface area of the coal, and (4) de- 
creases with time or extent of oxidation in 
accordance with a simple quantitative re- 
lationship wherein the rate of decrease de- 
pends on the particle size of the coal. 

The characteristic rate of oxidation — a 
of "coal — is usually high for coals 

169 Price, H., Colliery Guardian, 154, 533-5 
(1937). 


of (1) high natural or bed moisture con- 
tent, (2) high oxygen content, (3) high 
volatile-matter content, and (4) high con- 
tent of finely divided pyrites. In general, 
the characteristic rate of oxidation is low 
for high-rank coals. 

Spontaneous ignition occurs when condi- 
tions are such that the rate of heat evolu- 
tion from the oxidation reaction continu- 
ously exceeds the rate of heat dissipation 
from the coal pile. Its occurrence is fa- 
vored by high characteristic rate of oxida- 
tion, but the conditions of storage usually 
are more important. More data are 
needed on the effective oxygen concentra- 
tions in large coal piles and the effect of 
different methods of storing on this factor. 
The action of w^ater vapor as a heat-trans- 
fer agent in coal piles should be studied. 

Barring serious spontaneous heating, the 
loss in heating value that occurs on storage 
usually is not large enough to have great 
commercial importance. The loss in cok- 
ing power has great commercial impor- 
tance, especially in coals to be used in coke 
ovens. The best measures of loss in coking 
power upon oxidation include: (1) actual 
carbonization on a scale large enough so 
that the properties of the coke can be 
investigated, (2) change in agglutinating 
value, and (3) changes in plastic proper- 
ties, such as expansion pressure. More 
sensitive methods of measuring the extent 
of oxidation of coal are needed. At pres- 
ent the best measures include the increased 
solubility in caustic solution and the de- 
crease in heating value. 

As a suggestion, new methods could take 
advantage of the large decreases in rate of 
oxidation and in yield of tar with increased 
extent of oxidation or of the increased oxy- 
gen content of coal by means of more pre- 
cise methods for the direct determination 
of oxygen in coal. 



CHAPTER 19 


THE ACTION OF SOLVENTS ON COAL 

M. W. Kiebler 

Coal Research Laboratory , Carnegie Institute of Technology 


Of the many methods of studying the 
thermal decomposition of coal, solvent ac- 
tion, because of its mild pyrolyzing effect, 
is one of greatest interest. The more dras- 
tic a treatment in an investigation becomes, 
the more inferential become the conclusions 
permissible from the data. Rigorous oxi- 
dation indicates the presence of benzenoid, 
pyrrol, and furane rings in the parent sub- 
stance and in the lower-rank coals such as 
peat, brown coal, and lignite; milder oxida- 
tion shows a greafr-part of the coal mass to 
be humic in nature. Distillation of coal is 
carried out at temperatures so high that 
there is a possibility of molecular rear- 
rangements. Ultimate and proximate anal- 
yses may tell something with respect to 
age, rank, behavior on carbonization, and 
industrial significance, but nothing with re- 
gard to structure or constitution. To de- 
termine accurately the nature of coal, ex- 
perimental procedures, milder in nature 
than the above, have been sought. To 
many investigators solvent action has ap- 
peared of value. Unlike the more drastic 
treatments, extraction leaves the greater 
part of its products similar to the original 
coal except in molecular size. 

An indication of the interest displayed 
for this phase of coal research can be ob- 
tained from the large number of papers 
which have been published embodying the 
results obtained from extraction of coal 
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from almost every deposit of significance. 
In spite of the amount of experimental 
data available, lack of standardization in 
procedures and materials has increased the 
difficulty with which one investigator's 
work may be related to another's. 

The soluble products of extraction, 
whether they are called extracts or bitu- 
mens, vary according to the mechanism by 
which they are obtained. Thus, certain 
constituents such as oils, fats, acids, alco- 
hols, esters, resins, hydrocarbons, and w r axes 
occur in various coals as occluded or loosely 
bound materials. On the other hand, a 
part of the extract appears to have origi- 
nated as a result of the thermal depolymeri- 
zation of the coal and another part from 
the solvent depolymerization. In addition 
to producing materials which seem to be in 
true solution, some solvents, notably pyri- 
dine, bring about a process of peptization 
or colloidal dispersion of the coal substance. 
An extract might, therefore, contain quite 
a mixture of organic substances ranging 
from more or less familiar low-molecular- 
weight compounds to highly complex mole- 
cules and colloids. 

Solvent analysis has been applied to coal 
for a number of reasons. Attempts have 
been made to explain various coal prop- 
erties, coking behavior, rank, degree of oxi- 
dation, and so forth, on the basis of the 
action of a number of solvents. Chemists 



678 


THE ACTION OF SOLVENTS ON COAL 


have tried to attack the problem of chemi- 
cal constitution of coal indirectly through 
a study of extraction products. With a 
few notable exceptions, it has been possible 
to identify only those compounds which 
occur as occluded materials. In addition, 
the literature contains reports on studies of 
the various variables of extraction such as 
time, temperature, coal-particle size, vapor 
heating, and the effect of the chemical and 
physical nature of the solvent. 

The word bitumen, already referred to, 
has been somewhat loosely employed by 
many coal chemists. In one sense, it is 
used to designate those materials which, 
upon heating, produce a significant amount 
of volatile substances like gas or tar, or 
which melt, swell, or coke when heated. 
Fischer and Gluud 1 designated as bitumen 
all constituents of coal which, upon dry 
distillation, produced tar, water, and gas. 
On the other hand, in extraction studies, 
bitumens are generally considered to be the 
soluble materials of coal. The term has 
been subdivided according to the method 
by which the soluble substances are ob- 
tained. Several workers have recom- 

l Fischer, F., and Gluud, W., Ges. Abhandl. 
Kenntnis Kohle , 3, 1-38 (191S). 


mended that those materials rendered sol- 
uble by boiling benzene at a pressure of 1 
atmosphere be called '‘'bitumen A” and oc- 
casionally the ethanol-benzene (1:1) sol- 
uble part of coal is so designated. How- 
ever, soon after the introduction of the use 
of solvents as a tool in studying coal consti- 
tution it was found that extractions carried 
out under pressure produced a greater yield 
of extract in a much shorter period of time. 
Since this additional material which is dis- 
solved by the increased temperature, the 
cause of the increased pressure, differs from 
that obtained at ordinary pressures, a need 
w r as felt for a differentiation between ex- 
tracts obtained by these two methods, 
Schneider and Tropsch 2 recommended that 
the incremental yield brought about by 
pressure extraction be called "bitumen B.” 
Extracts with compositions covering a wide 
range should be obtained at different pres- 
sures depending on the. temperature, any 
of which could be considered bitumen B. 
Occasionally a "bitumen C” 3 has been re- 
ferred to as the material made soluble in 
benzene or ethanol-benzene, when the bitu- 

2 Schneider, W., and Tropsch, H., ibid., 3, 
57-64 (1917). 

3 Stadnikoff, G., Die Chemie der Kohlen, Ferdi- 
nand Enke, Stuttgart, 1931, p. 105. 


TABLE I 


Tscheremchowsches Seam 4 



Brown 

Brown 

Brown 

Bitu- 

minous 

Bitu- 

minous 


Coal 

Coal 

Coal 

Coal 

Coal 


Stratum 

Stratum 

Stratum 

Stratum 

Stratum 


1 

0 

7 

10 

13 

Bitumen A, 

per cent 


6.1 

8.2 

8.4 

8.1 

Bitumen B, 

percent 

Trace 

Trace 

Trace 


0.8 

Bitumen C, 

percent 

6.5 

3.1 

1.8 

1.6 

1.5 


4 Stadnikoff, G., Die Entstehung von Kohle 
und Erdol , Ferdinand Enke, Stuttgart, 1930. 
Chap. VI. 


Sphag- Boldyrewsky Coa 
num Seam Kuznetz 
Peat 5 Upper Stratum Basin 3 
Kuznetz 


3.5 8.3 

5.7 

3.7 

18.2 

0.43 

0.62 

1.0 

2.5 

2.1 


2.47 

3.8 

2.7 2.4 

0.7 

4.4 

5.5 

1.65 

7.8 


5 Stadnikoff, G., Neuere Torf chemie, Theodor 
Steinkopff, Leipzig, 1930, p. 117. 


Yields or Bitumens from Various Coals 

Chachareiskys Boghead Coal 4 

Strati- Com- Strati- 
fied pact fied 
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men-A-free coal is boiled with 10 percent 
hydrochloric acid. The origin of this ad- 
ditional soluble material has been attrib- 
uted to the effect of the acid on the inor- 
ganic salts of acids in the coal. 6 A general 
idea of the magnitude of these fractions 
can be obtained from Table I. 

The Extraction of Peat 

The relationship between yield and the 
age of a coal is far from definite; more- 
over, great inconsistencies exist in coals of 
the same apparent ages. Explanation of 
these facts hardly belongs in this section; 
however, a few pertinent general state- 
ments might partly explain the origin of 
these variations. The yield of extract, 
mainly waxes and resins, from plants and 
wood, obtained under identical conditions, 
has been shown 7 * 8 to be dependent on the 
type of plant or wood. If these waxes and 
resins are carried over in the peat forma- 
tion in a generally unchanged form, then a 
partial explanation of the variation of yield 
with different peats may be obtained 
merely by postulating different origins for 
the peat. It is true that no direct rela- 
tionship may exist, but the great difference 
in the content of soluble material of various 
woods (a few tenths to 15 or 20 percent) 
should make this a factor. Certain me- 
chanical factors may also exist, such as seg- 
regation and distribution of the resins and 
waxes by differences in density. 

6 Schwalbe, C. G., Brennstoff-Chem 3, SO 
(1922). 

7 Wiegmann, A. F., TJ'ber die Entstehung 3 Bild- 
ung, und das Wesen des Torfes, F. Vieweg u. 
Sohn, Braunschweig, 1837. Hoering, P., Moor- 
nutzung und Torfverwertiing 3 Julius Springer, 
Berlin, 1915, pp. 193-5. Fischer, F., and Klein- 
stiick, M., Ges. Abhandl . Kenntnis Kohle, 3, 301- 
14 (1918). Kurth, E. F., Ind. Eng. Chem. 3 Anal. 
Ed 3 11, 203-5 (1939). 

8 Straehe, H., and Lant, R., KohlencTiemie , 
Akademisehe Verlagsgesellschaft m.b.H., Leip- 
zig, 1924, p. 175. 


Early in the study of the action of sol- 
vents on coals it was found that certain 
mixtures of solvents were capable of yield- 
ing larger amounts of bitumens than could 
be obtained with the individual compo- 
nents. This is not a new concept limited 
to the solution of coal. It may be recalled 
that certain cellulose nitrates are soluble in 
a mixture of ether and alcohol although 
they are insoluble in either solvent alone. 
Reilly, et al. 9 have made a remarkably 
thorough study of yield and properties of 
bitumens (called wax) obtainable from 
Irish peat with numerous single solvents, 
azeotropic mixtures, and two-phase systems 
of solvents. In addition, a considerable 
amount of distillation data which should 
be of industrial significance were included. 
The peat studied was dried for 1 hour at 
100° C and then extracted in Soxhlets to 
exhaustion (about 16 hours). Comparison 
of the yields obtained with solvent mix- 
tures, given in Tables II and III, and the 
yields with single pure solvents, given in 
Table IV, shows that greater yields are ob- 
tained with the solvent mixtures than with 
the pure components alone. Some of the 
waxes were extracted on a large scale. The 
products were hard and black, and the au- 
thors felt that they had commercial possi- 
bilities both as waxes and as sources of 
fatty acids of high molecular weight. 

The constants of the waxes w r ere deter- 
mined by the usual analytical procedures. 
The melting points were determined by the 
open-capillary-tube method. The “ether 
solubility"’ figure was thought to be an 
index of the “'resin” content of the waxes 
and was obtained by washing a 0.5-gram 
sample of the powdered wax with successive 
10-cubic-centimeter portions of cold ethyl 
ether until the ether was no longer colored. 

9 Reilly, J., Kelly, D. E., and Ryan, D. J., J. 
Boo. Qhem. Ind.> 56, 231-8T (1937). 
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TABLE II 


Yield of Peat Extract Obtained with Azeotropic Mixtures 9 



Boiling 

Boiling 

Boiling 

Yield of 

Saponi- 





White 


Solvent Mixture 

Point of 

Point of 

Point of 

Wax from 

fication 




Ether 

Spirit 

Melt- 

and Percentage Weight 

1st Com- 

2nd Com- Azeotropic Anhydrous 

Value 

Acid 

Ester 

Iodine 

Solu- 

Solu- 

ing 

Composition 

ponent 

ponent 

Mixture 

Peat 

of Wax 

No. 

Value . 

Value 

bility 

bility 

Point 


°C 

°C 

°C 

percent 







°C 

Benzene (67. 6) 

Ethanol (32.4) 

80.5 

78.5 

68.5 

14.3 

193 

61 

132 

16 

44 

89 

74 

Benzene (83.0) 
n-Propanol (17.0) 

80.5 

98 

77.1 

15.8 

133 

47 

86 

16 

52 

95 

72 

Benzene (63.5) 
Terbutanol (36.5) 

80.5 

82. 8 

73.9 

12.3 

144 

58 

86 

20 

55 

96 

73 

Benzene (66. 7) 
Isopropanol (33.3) 

80.5 

82.3 

71.9 

15.6 

127 

66 

61 

14 

49 

80 

78 

Benzene (90.7) 

Isobutanol (9.3) 

80.5 

107.4 

79.9 

10.7 

146 

51 

95 

33 

52.5 

99.5 

72 

Benzene (80) 

Allyl alcohol (20) 

80.5 

97 

76.7 

14.2 

175 

78 

97 

18 

45.2 

99 

75 

Benzene (98) 

Acetic acid (2) 

80.5 

117.8 

80.1 

13.3 

156 

69 

87 

16 

49 

99.5 

74 

Ethyl acetate (69) 

Ethanol (31) 

77.2 

78.5 

71 

17.7 

197 

84 

113 

33 

51.9 

88 

76 

Acetic acid (27) 


13S.8 










m-Xylene (73) 

117.8 

139.2 

114 

18.1 

161 

52 

109 

18 

52 

80 

77 

Ethanol (6) 

Chloroform (94) 

78.5 

61.2 

59.3 

14.6 

200 

72 

128 

35 

51.6 

93 

74 

Methanol (10) 

Chloroform (90) 

64.5 

61.2 

53.5 

16.7 

200 

72 

128 

25 

55 

75 

70 

Acetone (SO) 

Chloroform (20) 

56.1 

61.2 

64.7 

15.0 

145 

66 

79 

18.3 

63.2 

75 

73 

Ethanol (16) 

Carbon tetrachloride (84) 

78.5 

76.8 

64.9 

15.4 

148 

50 

98 

25 

57.7 

99 

76 

Carbon tetrachloride (57) 
Ethyl acetate (43) 

76.8 

77.2 

74.7 

9.7 

158 

64 

94 

16 

53 

96-97 

75 

Toluene (70) 

Acetic acid (30) 

110.7 

117.8 

104 

15-17 

179 

61 

118 

19 

42.5 

85 

75 

Acetone (86) 

Methanol (14) 

56.1 

64.5 

55.9 

14.2 

173 

63 

110 

24 

57 

80 

70 

Acetone (55) 

Methyl acetate (45) 

56.1 

57.1 

56.1 

15.6 

196 

79 

117 

23 

55 

80 

70 

Carbon tetrachloride (79.4) 











Methanol (20.6) 

76.8 

64.5 

55.7 

11.0 

151 

63 

88 

24 

51 

83 

71 

Hexane (98.8) 

Isobutanol (1.2) 

69,0 

107.4 

69.1 

6.1 

67 

33 

34 

28 

58 

100 

69 

Carbon disulfide (90. 7) 
Ethyl alcohol (9. 3) 

46.3 

78.5 

42.4 

7.3 

128 

63 

65 

24 

53 

99-100 

71 

n-Propanol (28.3) 

Toluene (71.7) 

98 

110.7 

87.7 

18 

58 

39 

119 

23 

51.6 

80 

72 

Ethanol (89.5) 

Toluene (10.5) 

78.5 

110.7 

76.6 

12.4 

170 

45 

115 

25 

50 

92 

73 
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TABLE III 


Yield of Peat Extract Obtained with Two-Phase Solvent Systems 9 


Solvent Mixture 
and Percentage 

Weight Composition 

Yield 

Saponi- 

fication 

Value 

Trichloroethylene (80) 
Ethanol (14) 

Water (6) 

percent 

15.8 

154 

Trichloroethylene (67) 
n-Propanol (27) 

Water (6) 

12.6 

159 

n-Propanol (9) 

Benzene (82) 

Water (9) 

14.1 

140 

Benzene (74.1) 

Ethanol (18.5) 

Water (7.4) 

15.1 

175 

Carbon tetrachloride (84) 
n-Propanol (8.5) 

Water (7.5) 

14.1 

180 

Carbon tetrachloride (82) 
Ethanol (12) 

Water (6) 

14.8 

176 

Cyclohexane (84) 
n-Propanol (12) 

Water (4) 

10.6 

121 

Chloroform (85) 

Methanol (10) 

Water (5) 

13.3 

174 

Chloroform (92) 

Ethanol (4) 

Water (4) 

12.9 

193 

Benzene (93) 

Acetic acid (1.2) 

9.1 

156 


Water (5.8) 

The amount soluble was then determined 
by evaporating the ether. The "white 
spirit solubility” was determined in an 
analogous fashion except that the washing 
was carried out with the hot solvent. 

The authors called attention to the fact 
that the average yield in Table Y was about 
7 percent, which would approximately rep- 
resent the amount of petroleum-soluble ma- 
terial in the peat. On the other hand, the 
benzene-n-propanol mixture, for example, 
gave a yield of 15 percent, of which 95 per- 


White 


Acid 

Value 

Ester 

Value 

Iodine 

Value 

Ether 

Solubility 

Spirit 

Solubility 

Melting 

Point 

°C 

67 

87 

16 

42 

70 

72.5 

54 

105 

23 

46 

69 

74 

53 

87 

19 

46 

83 

73 

63 

112 

22 

51 

71 

72.5 

62 

118 

16 

59 

80 

72 

65 

111 

21 

59 

70 

71.5 

63 

58 

21 

35 

99-100 

69.5 

46 

128 

22 

33 

74 

70 

63 

120 

23 

33 

S3 

72 

51 

105 

24 

37 

99-100 

69 


cent was soluble in white spirit. This rep- 
resents a petroleum-soluble wax content of 
14.2 percent in the peat. The difference, 
they explained, w r as due to a surface-tension 
effect; the petroleum was not "wetting” 
the peat. Perhaps another explanation 
might lie in a depolymerization mechanism 
in which the large molecules, after being 
broken down by the first solvent, were sol- 
uble in the second poorer solvent. The 
extent to which such a depolymerization 
might go would be a function, first, within 
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TABLE IV 


Extraction op Peat with Pure Solvents 9 


Solvent 

Yield 

Saponi- 

fication 

Value 

Acid 

Value 

Ester 

Value 

Iodine 

Value 

Ether 

Solu- 

bility 

White 

Spirit 

Solu- 

bility 

Melt- 

ing 

Point 

Methanol 

percent 

9.2 

195 

105 

90 

29 

49 

80 

°C 

70 

Ethanol 

14.0 

178 

59 

119 

28 

54 

75 

74 

n-Propanol 

18.6 

180 

83 

97 

25 

51 

85 

74 

Isopropanol 

15.5 

231 

92 

139 

25 

53 

80 

71 

n - Butanol 

17.4 

173 

72 

101 

29 

53 

75 

73 

Isobutanol 

9.3 

214 

S3 

131 

29 

70 

75 

73 

Pentanol 

16.7 

188 

71 

117 

28 

54 

83 

73 

sec-Hexanol 

13.3 

190 

60 

130 

22 

44 

80 

74 

Benzene 

9 

71 

39 

32 

31 

49 

100 

69 

Toluene 

10.9 

150 

63 

87 

31 

55 

100 

69 

m-Xylene 

11.1 

170 

65 

105 

29 

55 

100 

70 

Mesitylene 

11.8 

157 

50 

107 

21 

55 

100 

68 

Hexane 

5.2 

85 

40 

45 

24 

46 

100 

69 

Cyclohexane 

6.8 

121 

60 

61 

25 

50 

100 

69 

Methyl acetate 

13.6 

210 

90 

120 

31 

55 

80 

69 

Ethyl acetate 

13.7 

204 

85 

119 

30 

57 

85 

70 

n-Propyl acetate 

11.0 

214 

80 

134 

31 

44 

92 

70 

n-Butyl acetate 

9.4 

200 

73 

127 

30 

50 

99 

69 

Acetone 

11.4 

149 

73 

76 

24 

50 

88 

70 

Chloroform 

9.7 

132 

56 

76 

22 

53 

99.5 

72 

Carbon tetrachloride 

8.S 

114 

50 

64 

24 

40 

100 

75 


TABLE V 

Extraction op Peat with Petroleum Fractions 9 

White 


Fraction Saponi- Ether Spirit Melt- 


Distillation 


fieation 

Acid 

Ester 

Iodine 

Solu- 

Solu- 

ing 

Range 

Yield 

percent 

Value 

Value 

Value 

Value 

bility 

bility 

Point 

°C 

70-89 

7.5 

101 

47 

54 

25 

38 

100 

70 

70-140 

7.1 

113 

68 

45 

24 

49 

100 

70 

77-95 

8-10 

66 

33 

33 

30 

45 

100 

70 

100-120 

Above 150 (White 

6.0 

96 

48. 

48 

29 

48 

100 

71 

spirit) 

9.7 

118 

60 

58 

27 

53 

100 

69 
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limits, of temperature, and second, of the 
physical nature of the solvent. 

Fischer and Schneider, 10 in studying the 
extraction of cellulose ( Kahlbaum ) with 
solvents, reported yields which were near 
the lower limit of the values obtained for 
peat. In these studies it was found that a 
6-hour Soxhlet extraction of cellulose (5.04 
percent moisture content) with benzene at 
the boiling point gave an average yield of 
0.34 percent on the basis of the dry cellu- 
lose. Pressure extractions carried out in a 
bomb with benzene at 250 to 260° C gave 
yields of 2.0 percent with cellulose dried at 
105° C, 6.4 percent with air-dried cellulose, 
and 12 percent when the extraction was 
carried out in the presence of water. The 
effect of water during the extraction was 
probably one of hydrolysis. The method 
of drying was important. Relative to this, 
Schneider and Schellenberg 11 have shown 
that in the benzene extraction of air-dried 
peat more material is dissolved than when 
the peat is dried at 105° C. It was found 
that if water was added to the dried mate- 
rial the yield was not increased as it was 
with brown coal. It was the opinion of 
Strache and Lant 12 that a temperature of 
105° C is too low to favor the formation of 
insoluble material through a polymerization 
mechanism, but, as they pointed out, fusi- 
ble substances in the peat which are in- 
soluble in benzene may melt at this low 
temperature and cover, or admix with, the 
benzene-soluble constituents. 

It was shown by Rau 13 that extractions 
carried out with benzene under a pressure 
of 14 atmospheres yielded much greater 
amounts of soluble material. Fischer and 

io Fischer, F., and Schneider, W., Ges. Abhandl. 
Kenntnis Kohle, 3, 287-300 (1918). 

it Schneider, W., and Schellenberg, A., ibid., 
5, 1-33 (1920). 

12 See p. 177 of ref. 8. 

18 Rau, O., Stahl u. Bisen, 30, 1235-46, 1282- 
97 (1910). 


Gluud, 14 working with still higher pres- 
sures, 50 to 55 atmospheres, were instru- 
mental in opening up an entirely new field 
of possibilities in the extraction of coal. 

Schneider and Schellenberg, 11 using the 
method of Fischer and Gluud, carried out 
a number of extractions on peats at several 
temperatures with benzene and alcohol, to- 
gether with atmospheric Soxhlet extrac- 
tions with the same solvents. The benzene 
extract obtained in a Soxhlet was yellow 
brown, more or less transparent, brittle, 
waxlike, softening at 50° C and melting at 
70 to 72° C. The acid number of the in- 
vestigated extracts ranged from 34.5 to 
73.3. The saponification number for the 
bitumen of Lauchhammer peat amounted 
to 202.5. (For comparison: the acid num- 
ber of montan wax is about 35, and its 
saponification number is in the neighbor- 
hood of 80.) The material was only partly 
soluble in hot alcohol and was precipitated 
upon cooling. The ether-soluble products 
had a resinlike character; the ether-insol- 
uble portion consisted of a gray-brow- n 
powder melting at 81° C. The extract 
from the alcohol extraction of peat at at- 
mospheric pressure showed, in general, a 
higher melting point than the benzene 
extract. 

It was found that samples taken at dif- 
ferent layers of a peat bog gave extracts 
which were soluble in benzene and alkali in 
a definite ratio, depending on the source of 
the peat. Thus, alcohol extracts from sam- 
ples 1, 2, and 3 of Yelen peat, though dif- 
fering slightly in appearance and their 
melting points, were approximately 40 per- 
cent soluble in benzene and 60 percent sol- 
uble in alkali regardless of the depth from 
which the samples were taken in the bog. 
The value of the ratio of benzene to alkali 

14 Fischer, F., and Gluud, W., Ges. Abhandl. 
Kenntnis Kohle, 1, 54-63 (1915—6) ; Ber., 49, 
1460-8 (1916). 
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solubility, was found to vary from one peat 
to another. The extract obtained at 250° C 
with alcohol was more resinlike than that 
obtained with benzene. With both solvents 
the bitumens were soft, sticky, and dark 
brown and had a pitchlike odor. Their 
melting points were under 100° C. The au- 
thors 11 pointed out that the extracts ob- 
tained at atmospheric pressure with benzene 
resembled the corresponding products from 
brown coal and were oil-free, whereas the 
extracts obtained at 150° C contained oils, 
which must have resulted from a degrada- 
tion process. The amount of oil was found 
to increase with increasing temperature. It 
was further found that as the temperature 
was increased beyond 200° C no increase 
in yield took place, remaining about the 
same up to 250° C, while the amount of 
residue decreased, indicating the formation 
of water and volatile products. 

The extraction of Velen peat with phenol 
at the boiling point by these same au- 
i thors 13 yielded a product (36.3 percent) 
( with properties quite different from the 
above. The extract, dark in color, had a 
higher melting point than the benzene pres- 
sure extract from the same peat. The ex- 
tract was found to be incompletely soluble 
in benzene even at 250° C. 

Schneider and Schellenberg also carried 
out extractions of peat with characteristic 
cellulose solvents 15 and with water. 16 The 
data from the first investigation are given 
in Table VI. It was concluded from this 
work that the cellulose reagents had no es- 
sential dissolving capacity for peat since 
the yields, based on the insoluble residue, 
were only a little lower in general than 
with alkali alone. The data from the sec- 
ond paper are summarized in Table VII. 

is Schneider, W., and Schellenberg, A., Ges. 
Abhandl. Kenntnis Kohle, 5, 34—6 (1920). 

16 Schneider, W., and Schellenberg, A., ibid., 
5, 372-6 (1920). See also Eeinseh, H., J. praTct. 
n., 22, 188-91 (1880). 


TABLE VI 

Extraction of Peat with Cold Cellulose 
Solvents 15 

Percent Insoluble after Treatment with 



NaOH 

Xanthogenic 

nh 3 

Schweitzer 


Alone 

Acid 

Alone 

Reagent 

Velen Sample I 

85 

83 

94 

70 

'Velen Sample 2 

74 

69 

88 

83 


TABLE VII 

Extraction of Peat (Velen) with Water 16 


Tempera- Time of 
ature Extraction 

Residue 

Extract 

Extract-f- 

Residue 

°C hours 

percent 

percent 

percent 

250 

67.5 


73.8 

250 

62.9 

13.7 

76.6 


The products of these extractions had 
peculiar properties. They were insoluble in 
benzene and only partly soluble in alcohol 
and water. Partial solubility in aqueous 
sodium hydroxide and sodium carbonate 
indicated the presence of acidic material. 
As in other extractions, the material bal- 
ances at 250° C were less than 100 percent, 
indicating the production of water, carbon 
dioxide, volatile acids, and aldehydes. 

Several investigators have been success- 
ful in identifying a few organic compounds 
found in peat extracts. These substances 
have been, in general, those which would 
be found in living plants or which might 
have been derived from plant material 
through such simple changes as hydrolysis 
or decarboxylation. However, these studies 
have been limited to a relatively small part 
of the extract, and little is known of the 
chemical nature of the remaining part ex- 
cept that it contains groups or structures 
which are easily polymerized by moderate 
heating. 

Working with peat from a Wisconsin bed 
3 meters, or 10 feet, in thickness, Thiessen 
and Johnson 17 brought about a separation 

17 Thiessen, B., and Johnson, R. C., Ind. Eng. 
Chem ., Anal. Ed., X, 216-20 (1929). 
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into water-soluble, alcohol-soluble, alkali- 
soluble, humic acids, lignin, cellulose, in- 
soluble constituents, and mineral matter. 
The cold-water-soluble matter ranged from 
1 to 3 percent, increasing from the top to 
the bottom of the bed. The hot-water-sol- 
uble material was 4.25 percent near the 
surface and fairly constant below the first 
0.3 meter (12 inches) at 3.5 to 4.0 percent. 
The total water-soluble* material ranged 
from 5 to approximately 7 percent, increas- 
ing in general from the top to the bottom 
of the bed. This fraction contained reduc- 
ing sugars, pentosans, methyl pentosans, 
nitrogenous compounds, and some humic 
material. The ether-soluble material fluc- 
tuated between 2 and 6.6 percent and con- 
tained chiefly fats, waxes, resins, and some 
chlorophyll. The lignin content was high- 
est near the surface, 36 to 44 percent, and 
decreased to approximately 10 percent at 
the bottom. The relative amount of alkali- 
soluble material was lowest near the sur- 
face and increased to 51 percent at the bot- 
tom. The cellulosic material was, on the 
other hand, highest near the surface, about 
40 percent, and decreased to mere traces 
at the bottom. The insoluble material 
tended to increase slightly from top to bot- 
tom, ranging from 4 to 23 percent. Similar 
results were obtained’ from other parts of 
the deposit and from different deposits. 

A second paper 18 by these authors 
treated the nature of the alcohol-soluble 
and parts of the ether-soluble fractions 
more extensively. The peat after drying 
at 105° C was crushed to pass a 15-mesh 
screen and subsequently leached with 1 
percent hydrochloric acid to remove about 
75 percent of the mineral matter. The 
amount of alcohol-soluble material was in- 
creased 25 to 50 percent by this acid treat- 

18 Johnson, R. C., and Thiessen, R., Fuel, 13, 
44-7 (1934). 


ment. Between 2 and 6 percent of this 
acid-treated peat was soluble with ether in 
a Soxhlet. The extract was a light brown 
or yellow waxlike substance. On treatment 
of the ether extract with 10 percent solu- 
tion of sodium bicarbonate, a dark brown 
aqueous solution separated which yielded a 
precipitate when treated with hydrochloric 
acid. This was not investigated further. 
The remaining ether solution contained a 
w’ax which had a melting point, saponifica- 
tion number, acid number, and iodine value 
similar to montan wax. Chlorophyll w T as 
also isolated from the ether solution. The 
alcohol-benzene extract from the bottom 
several feet of the bog, which contained 
the largest amount of chlorophyll, yielded 
a small quantity of xanthophyll and caro- 
tin. The presence of chlorophyll in peat 
had been reported as early as 18S0 by 
Guignet, 19 who also reported the identifi- 
cation of glucosides, and in 1907 by Zalo- 
siecki and Hausmann. 20 

The dried ether extract was extracted 
with alcohol in a Soxhlet and then treated 
according to the scheme shown on page 
686. The raw alcohol extract constituted, 
in part, the hymatomelanic acid of Oden. 21 
The general properties of several of the 
various fractions -were described. 

Fraction 1, about 0.5 percent of original 
extract, w T as a sweet-smelling browm, oily 
substance soluble in water, acids, bases, 
and ether. It "was not investigated. 

Fraction 2 was sweet-smelling, dark 
brown to black, viscous, soluble in water 
and alcohol, and insoluble in ether. It 
formed a dark red solution in vrater. It 
reduced Fehling’s solution and also an am- 
is Guignet, C. E., Compt. rend., 91, 888-9 
(1880). 

20 Zalosiecki, R., and Hausmann, J., Z. angew . 
Chem.j 20, 1141-3 (1907). 

21 Od£n, S., and Lindberg, S., Brennstoff-Chem. t 
7, 165-70 (1926). 
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Insoluble in Ether 

I 

+ 95 % Alcohol 


Soluble Insoluble 

I 

- Alcohol 


+ Water 


Soluble insoluble (HI / 


+ .Ether 


Soluble Insoluble 

(!•> ( 2 ) 


Soluble 

(R1A) 


+ Benzene 


Insoluble 
( R2) 


+ Absolute Alcohol 


Soluble Insoluble 

(2A) (2B) 


+ Petroleum Ether 


Soluble Insoluble 

(3) (4) 

,1 

+ Absolute Alcohol 


Soluble Insoluble 

(4A) (4B) 


+ Acetone 


Soluble Insoluble 

(5) (6) 


+ «NaHC0 3 aq.) 


Soluble Insoluble 

(5A) i SB) 


+ (Na Formate aq.) 


Soluble Insoluble 

(50 (5D) 


moniacal silver nitrate solution, gave the 
Molisch test for carbohydrates, and formed 
osazones. 

Fraction 2A was a brown, viscous mate- 
rial which formed a dark red solution in 
water that became yellow on treatment 
with animal charcoal. Osazones prepared 
from fractions 2A and 2B, after being puri- 
fied, melted at 149 and 159° C. Fraction 
2B was somewhat similar to 2A. Arabinose 
was thought to be present since the forma- 
tion of the osazone prepared resembled the 
formation from the known compound. The 


melting point was 159 against 160° C for 
the osazone of arabinose. 

Fraction 3A was a yellow, viscous oil 
which, upon standing, yielded yellowish bi- 
sphenoidal crystals which were identified as 
sulfur. The remaining yellow oil was not 
investigated. 

It was not possible to identify any con- 
stituents of the other fractions, although 
the chemical groups into which they fell 
could be established on the basis of their 
solubilities. By Kamm's scheme of anal- 
ysis, fraction 4 would be grouped with the 
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alcohols, acids, aldehydes, ketones, qui- 
nones, acetates, esters, and lactone anhy- 
drides. Phenolic and acidic materials were 
found in fractions 5B and 5C. 

Although the authors stated that the 
above separation was not complete, it did 
indicate the fact that the initial extract 
was capable of separation into a consider- 
able number of substances. The results 
show the complexity of peat of which the 
fractions here considered were but a small 
part. 

Extractions carried out by Stadnikoff 
and Titov 22 on Russian peat with sann- 
ples taken at different depths in the bog 
showed the same fluctuation in yield re- 
ported by other workers. There was, how- 
ever, a tendency for the yield to increase 
with depth. It was further shown in the 
same paper that the bitumens could be 
separated into crystalline, waxlike, and 
amorphous substances by extracting with 
an alcohol-ether mixture. Successive ex- 
tractions with benzine and benzene served 
to bring about a separation of the wax and 
resins. The bitumens were about 45 per- 
cent wax and 55 percent resin. In investi- 
gating a concept introduced in an earlier 
publication, 23 namely, that bitumens could 
be polymerized by moderate heating, it was 
found that, after the extract from sphag- 
num peat was heated for 12 hours at 
140° C, 11.9 percent was insoluble after 
successive extraction with benzine, chloro- 
form, and carbon disulfide. When the tem- 
perature was raised to 180° for another 12 
hours? the insoluble residue increased to 
29.0 percent. The same treatment applied 
to bitumens from carex peat gave 1.4 per- 
cent insoluble after the 140° heating and 
27.7 percent after heating at 180° C. The 

22 Stadnikoff, G., and Titov, N. G., Brennstoff- 
Chem 9, 357-8 (1928)'; Zhur. PriJclad. KMm 
1, 328-30 (1928). 

23 Stadnikoff, G., Mehl, P., and Putzilo, W., 
Brennstoff-Chem., 6, 333-6 (1925). 


paper would indicate that the bitumens 
which were given this heat treatment were 
obtained with alcohol-benzene, so that one 
might assume, since there are no state- 
ments to the contrary, that all this mate- 
rial might not be soluble in the successive 
extractions with benzine, chloroform, and 
carbon disulfide; hence the figure given for 
percent residue after the 140° heating loses 
significance. However, the increase in in- 
soluble residue which took place by further 
heating at 180° well proves the argument 
in favor of polymerization. This is an im- 
portant point, and it will be found that 
polymerization of parts of the coal sub- 
stance is not limited to peat alone. Heat- 
ing the peat before extraction 24 has been 
shown to bring about the same decrease in 
solubility. As Stadnikoff and Titov pointed 
out, the formation of peat involves the pro- 
duction not only of relatively simple satu- 
rated and unsaturated compounds but also 
of high-molecular-weight polymerization 
products. The same paper gave data on 
the comparative destructive distillation of 
extract, residue, and peat which indicated 
that, in the initial stages of distillation, 
polymerization of the resins is involved. 

Titov, 25 working with the sphagnum 
peat studied in the preceding paper, was 
able to isolate several apparently pure 
compounds from the benzine-soluble por- 
tion. After fractionation of the original 
extract with ether and alkali, he obtained, 
from 800 grams of an unsaponifiable part 
of the benzene-soluble material, 164 grams 
of an almost colorless substance which had 
a melting point of 75 to 76° C. The em- 
pirical formula was C 35 H 72 , and the ob- 
served molecular weight was 499.0 (calcu- 
lated for C 35 H 72 , 492.9). This hydrocar- 

24 Kondrat’ev, E. V., and Kutuiev, S. K., KMm. 
Tverdogo Topliva , 6, 403-8 (1935) ; Chem. Abs., 
29, 7614 (1935). 

25 Titov, N. G., Brennstoff-Chem., 13, 266-9 
(1932). 



THE ACTION OF SOLVENTS ON COAL 


bon appeared to be pentatriacontane (m.p., 
74 to 75° C). From further fractionation 
of the ether-soluble material 80 grams of 
a colorless substance with the formula 
C 33 H 68 and melting point of 70.5 to 71.5° C 
was isolated corresponding to tritriacon- 
tane (m.p., 71.8° C). The calculated mo- 
lecular weight was 464.8 against the ob- 
served value of 461.9. Another substance, 
melting at 74 to 75° C and having the 
formula C 27 H 56 0, was also obtained (18 
grams). This was apparently an alcohol 
(acetyl number 136.7 against 127.9 calcu- 
lated for C 27 H 56 0). The alcohol did not 
add halogen and appeared to be a satu- 
rated aliphatic compound. The same 
ether-soluble fraction contained material 
having hydroxyl groups (acetyl number 
11.8-12.0). Through further treatment a 
mixture of alcohols of vaseline-like consist- 
ency was isolated (9.3 grams). The ace- 
tyl number was 125, the iodine value 33.3, 
land the average composition C 78.95 per- 
'cent, H 12.11 percent. From the saponi- 
fiable part of the original extract, Titov 
separated, by fractionation of the ethyl 
esters, four acids, C 12 H 22 0 2 , C 14 H 26 Oo, 
CosHgoOo, and C 27 H 54 0 2 , which appeared 
to be pure compounds. The above proce- 
dure was repeated, using the benzene-sol- 
uble part of the peat as a starting mate- 
rial. The products isolated in this fashion 
were identical to the above except that 
an unknown compound, C 30 H (30 O 3 , was 
thought to have been isolated. The author 
concluded that the bitumens from peat 
were quite different from those obtained 
from brown coal and that the resinous part 
of the extract contained esters of cyclic 
acids and saturated and unsaturated al- 
cohols. 

In another study of Russian peat, by Ra- 
kovskii and Edelstein, 26 the bitumens ob- 

26 Rakovskii, E. V., and Edelstein, N. G., 
Brennstoff-Chem 13, 46-9 (1932). 


tained by ethanol-benzene extraction were 
further subdivided by using methanol (0.5 
percent acetone) to remove 33 percent res- 
inous material. Further treatment of the 
resin-free bitumens with alcohol and ben- 
zene yielded 13 percent wax of which 57 
percent was crude fatty acids. From this 
fraction it was possible to separate acids 
having the formulas C 26 H 52 0 2 , C 27 H 54 0 2 , 
and C 2 sH 56 0 2 . In this paper attention 
was called to the ability of the bitumens 
to polymerize easily and oxidize when they 
were heated on a water bath. 

Zalosiecki and Hausmann 20 were able to 
isolate an acid with a melting point of 184 ? 
and an alcohol, C 20 H 40 O 4 , melting at 124 
to 130° C by extracting the peat first 
with alcohol and then further separating 
the extract with ether and by saponifica- 
tion. Additional separation yielded an 
acid, C 21 H 35 0 7 , which did not melt at 
temperatures as high as 260° C. 

From soil humus and peat soils which 
might be considered related to peat, 
Schreiner and Shorey 27 isolated a-hy- 
droxystearic acid, C 1S H 36 0 3 ; paraffinic acid, 
C 2 4 H 4S 0 2 ; lignoceric acid, C 2 4 H 4S 0 2 , and 
dihydroxystearic acid, C 18 H 30 O 4 . In the 
first paper these authors gave a synthesis 
which might easily take place in nature and 
which indicates the possible origin of com- 
plex material found in coal. When pyruvic 
acid reacts with ammonia, uvitonic acid is 
produced. This compound, upon heating 
to 274° C, gives picoline carboxylic acid, 
which was found in soil humus. Pyruvic 
acid is known to result from the decompo- 
sition of protein material, or it can be pro- 
duced in other ways, such as oxidation of 
glycols or heating tartaric acid, any one of 
which could take place in nature. A tem- 
perature of 274° C may appear high, but 

27 Schreiner, O., and Shorey, E. O., J. Am. 
Chem . Soc., 30, 1295-307, 1599-607 (1908), 32, 
1674-80 (1910). 
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it is only at this temperature that the rate 
of reaction reaches a measurable value. 
Lower temperatures would cause the reac- 
tion to proceed at a slower speed. Picoline 
carboxylic acid . is a cyclic nitrogen-con- 
taining acid. In addition, the above au- 
thors were able to isolate a sulfur-contain- 
ing compound, trithiobenzaldehyde. Only 
rarely have definite sulfur or nitrogen com- 
pounds been reported as isolated from peat 
or from the higher coals. 

Aschan 28 has reported the isolation of 
an acid, C 19 H 34 0 2 , from Finnish peat. The 
melting point of this compound was 72 
to 73° C. The isolation of two acids, 
Ci 6 H 2 50 5 and C 2 iH 35 0 7 , and a substance 
having the formula C 2 oH 40 04 , has been 
reported by Zalosiecki and Hausmann. 20 
The benzene extract of a Russian peat 
studied by Roginskaya 29 had a softening 
temperature of 70 to 73°, saponification 
number 158, acid number 49.7, and iodine 
number 27.9. The alcohol extraction of 
this extract gave 53 percent of wax with 
a softening temperature of 76° C. Saponi- 
fication of this wax gave a 40 percent yield 
of potassium soaps. The acids which were 
obtained were purified by crystallization 
and fractionation of their methyl esters. 
Three acids, C 29 H 5 g0 2 , C 2S H 56 0 2 , and 

28 Aschan, O., Brennstoff-Chem 2, 316 (1921) ; 
Torf wirtsch ., 2, 9 (1921). 

29 Roginskaya, E. V., J. Applied Chem. (U.S. 
8.R.), 9, 108-11 (1936) ; Chem. Ahs., 30, 5441 
(1936). 


C 27 H 54 0 2 , were isolated. The presence of 
an acid of lower molecular -weight and the 
absence of hydroxy acids were indicated. 

Bone and coworkers, whose work will be 
taken up in some detail later, have divided 
the extract into a number of general frac- 
tions according to the scheme shown below. 
Fraction I was subdivided into la (volatile 
with steam) and lb (not volatile). It was 
found by Bone and Tei 30 that earthy 
brown coals and peat yielded fractions I 
and II, but not III and IV, their place 
being taken by IIP and IV', which were 
neutral phenolic esters and acid phenolic 
bodies, respectively. 

When the above scheme was applied to 
the benzene extract obtained from the 
pressure extraction (210, 260, and 285° C) 
of -well-rotted Tarraum Irish peat, the fol- 
lowing fractions were obtained from the 
dewaxed peat: 1(a), 3.6 percent; 1(b), 2.5 
percent; II, 1.7 percent; IIP and IV', 4.4 
percent. The extract also contained tarry 
material. Some water and carbon dioxide 
were split out of the peat on heating. The 
results were thought to indicate that the 
origin of fractions III and IV obtained in 
the extractions of bituminous coals lies in 
the phenolic compounds comprising frac- 
tions IIP and IV' of peat and brown coals. 

The change of solubility of various peat 
samples with the depth in the bed has al- 

30 Bone, W. A., and Tei, L. J., Proc. Roy. Soc. 
{London), A147, 58-67 (1934). 
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ready been mentioned. In some beds 31 
the yield seemed to increase in proportion 
to the depth; in others, only a slight or 
no tendency to do so is found. 16 ' 17 « 21 * 32 
Many natural forces such as segregations 
according to density and mixing by moving 
water were probably responsible to a large 
extent for these inconsistencies. 

The Extraction op Brown Coal 

The foregoing and some additional 
data 33 » 34 indicate that the yield of extract 
obtainable from peat with a given organic 
solvent varies over a considerable range, 
the amount obtained depending not ' only 
on the age of the peat but upon the origin 
and method of deposition as well. It is 
found that these same fluctuations in yield 
exist in the higher-rank coals, at least in 
part as a natural consequence of their early 
history. In general, however, it is found 
that for solvents such as benzene a maxi- 
mum is reached on the yield of extract ver- 
sus rank curve near the region of the young 
brown coals. 21 In going through the series: 

31 Stadnikoff, G., Kolloidchem. Beihefte, 31, 
56—88 (1930). Waksman, S. A., Brennstojf- 
Chem., 11, 277— SI (1930). 

32 Stadnikoff, G., and Baryschewa, A., Brenn- 
stoff-Chem., 11, 21-3 (1930). 

33 Doppler, C., Bitzber. Akad. Wiss. Wien 
Math . naturw. Klasse , 3, 239^40 (1S49). de- 
Molon, Compt . rend., 92, 139-42 (1881). Frank, 
F., Mitt. Ver. Forderung Hoorkulture , 20, 228 
(1902). Holde, D., Mitt. Mater ialprufungsamt 
Berlin-Lichterfelde West , 27, 23-24 (1909). See 
p. 101 of ref. 3. Hoering, P., pp. 235-40 of ref. 
7. Tideswell, F. V., and Wheeler, R. V., J. Chem. 
Soc., 121, 2345-62 (1922). Marcusson, J., Z. 
angew. Chem., 40, 48-50 (1927). Stadnikoff, G., 
and Titov, N. G., Brennstoff-Chem., 9, 325-6 
(1928). Tokmanov, G., Gornyi Zhnr., 106, 107- 
15 (1930). Wakesman, S. A., and Stevens, K., 
Ind. Eng. Chem., Anal. Ed., 2, 167-73 (1930). 
Aschan, 0., Teh. Foren. Finland Forh , 54, 285- 
88 (1934) ; Chem. Als., 29, 1230 (1935). Sih- 
vonen, V., and Lundjnark, E., Suomen Kemisti - 
lehti, 10A, 130-5 (1937). Stefanovski, W., and 
Dominik, Z., Przeglad. Chem., 1, 73-7 (1937). 

34 Kramer, G., and Spilker, A., Ber., 32, 2940- 
59 (1899) ; 35, 1212-23 (1902). 


plant -» peat brown coal, a number of 
changes such as destruction of cellulose and 
the transformation of lignin to humic acids 
take place, resulting in a relative increase 
in the amount of the more stable waxes 
and resins. Accompanying this change 
there is an increase in the thermal stability 
of the products of extraction. This in- 
crease in stability is not toward polymeri- 
zation by heat but rather toward loss of 
water and gas upon moderate heating (200 
to 250° C) . Bone, Horton, and Tei 35 re- 
ported that in the extraction of several 
brown coals with benzene in a high-pres- 
sure Soxhlet only a young brown coal un- 
derwent a loss of even a small amount of 
gas and water and this at 250 to 280° C. 
Fischer and Schneider 36 reported that 
brown-coal extractions carried out at tem- 
peratures from 155 to 260° C were accom- 
panied by loss of gas. However, the loss 
was not indicated to be anywhere near that 
which would have been obtained with peat 
under identical conditions. 

In general, the bitumens of brown coal 
are distributed evenly through the coal 
mass. Exceptions, however, are occasion- 
ally encountered. Some brown-coal depos- 
its contain layers of bituminous coals. 37 * 38 
A New Zealand brown coal (Central 
Otago), examined by James, 39 was found 
to be non-homogeneous with respect to 
its resin content. The resin, disseminated 
throughout the mass of the coal, ranged 
from very small, barely visible pieces to 
more or less spherical lumps of all sizes up 
to 20 centimeters in diameter. Certain 
sections of the coal were especially rich in 

35 Bone, W. A., Horton, L., and Tei, L. J., Proe. 
Roy. 800 . (London), A120, 523-45 (1928). 

36 Fisclier, F., and Schneider, W., Ges. AZ>~ 
handl. Kenntnis Eohle, 1 , 204-10 (1915-6). 

37 See pp. 165 and 167 of ref. 4. 

ss Fuchs, W., Die Chemie der Kohle, Julius 
Springer, Berlin, 1931, p. 171. 

39 James, L. H., J. 8 oc. Chem . Ind., 44, 241-2T 
(1925). 
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resin, ‘concentrated in bands which could 
be followed for great distances. Many of 
the lumps showed a concentric shell struc- 
ture. The resin had an acid value of 44.3, 
saponification value 46.2, iodine value 174.4, 
and a maximum solubility in chloroform. 
The melting point of the soluble part of 
the resin ranged from 60 to 120° C, de- 
pending on the solvent used. Data were 
presented indicating that the resin was 
similar to Kauri resin. It might be pointed 
out that the resins extracted from peat, 
brown coals, lignite, and the higher coals, 
like other fossil resins, differ generally from 
the resins extracted from living plants in 
being less fusible and less readily soluble in 
organic solvents. The bituminous-coal res- 
ins are richer in carbon and considerably 
poorer in hydrogen than peat, brown-coal, 
and lignite resins. 40 

The soluble products obtained from the 
atmospheric-pressure extraction of brown 
coal with low-boiling solvents such as alco- 
hol, benzene, toluene, like those obtained 
from peat, are largely waxes and resins. 
The separation and purification of these 
two general groups of compounds have 
been dealt with at some length in the lit- 
erature and many high-molecular-weight 
compounds have been isolated from both 
groups. These easily extractible materials 
are of significant importance both as a 
source of industrial materials and as a 
means for studying the coalification process. 

Montan wax, so named by von Boyen, 41 
obtained by the large-scale extraction of 

40 Wigginton, R., Fuel , 5, 476-8 (1926) ; 7, 
118 (1928). See also White, D., and Thiessen, 
R., V. S. Bur. Mines, Bull. 38 (1913), 390 pp. 
Engler, C., and Tausz, J., Z. angeio. Chem 34, 
308-9 (1921). Wheeler, R, V., and Wigginton, 
R., Fuel, 1 , 12-4 (1922). Francis, W., and 
Wheeler, R. V., J. Chem. Soc 129, 1410-2 
(1926). 

41 Von Boyen, E., Z. angew. Chem., 12, 64-5 
(1899), 14, 1110-1 (1901). 


coal, 42 has been of some industrial signifi- 
cance for a number of years. It has found 
use at one time or another in the produc- 
tion of such items as shoe polish, phono- 
graph rolls, insulating materials, candles, 
and polishes, and it has special applications 
in the rubber industry. In addition, its 
use as a binder in the fabrication of coal 
briquets has been proposed. The possi- 
bility of using the resins of coal in varnish 
has also been discussed in the literature. 43 

The yield 44 and, to some extent, the 
properties of montan wax depend on the 
source of the coal and the solvent. The 
data in Table VIII were obtained by Stein- 


TABLE VIII 

Yields and Properties of Brown-Coal Ex- 
tracts 45 


Coal 

Yield of 
Extract 

Acid 

Number 

Saponification Ester 
Number Number 

Furstenberg 

percent 

23.7 

28.6 

97.8 

69.2 

Phonix 

9.4 

34.4 

157.8 

123.4 

WerminghofT 

S.O 

34.5 

154.6 

120.1 

Kassel 

9.2 

68.6 

262.1 

193.6 

Fortuna 

6.3 

31.8 

130.9 

99.1 

Corona 

33.9 

30.4 

134.4 

104.1 

Hirschfelde 

36.6 

9.4 

119.7 

110.3 


brecher 45 from the extraction of a num- 
ber of brown coals with ethanol-benzene 
(1 : 3). Extraction of the resulting resi- 
due with pyridine resulted in the further 
solution of about 6 to 7 percent based on 
the original coal. By fractionation of the 
bitumen from these coals wfith benzene and 
acetone, a separation was made between 
resin-free benzene-soluble wax, acetone-in- 

42 Baerloclier, G. O., Farl>en-Chem., 9, 191—3, 
198 (1938) ; Ullmann, F., Enzyklopadie der tech- 
nischen Chemie, 2, 616-20 (1928), Urban & 
Sehwarzenberg, Berlin, 1928. 

43 Benson, H. K., Ind. Eng. Chem., 17, 21-3 
(1925). 

44 Donath, E., Brennstoff-Chem. , 1 , 86-7 

(1920). 

45 Steinbreeber, H., Braunkohlenarchiv , No. 12, 

40-91 (1926) ; Brenmtoff-Ghem., 10, 198-201 

(1929). 
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soluble wax, and an acetone-soluble wax- 
free resin’. The amounts and chemical 
properties of these fractions are shown in 
Table IX. The saponification number of 

TABLE IX 

Composition of Waxes and Resins' in the 
Extracts Obtained from Brown Coals 45 


Wax Acetone Wax Resin 


Coal 

Yield 

Acid 

Number 

Yield 

Acid 

Number 

Yield 

Acid 

Numb 

Fiirstenberg 

percent 

74.7 

32.9 

percent 

9.4 

12.5 

percent 

15.9 

10.0 

Phdnix 

62.0 

35.1 

8.6 

36.0 

29.4 

24.5 

Werrainghoff 

59.7 

27.6 

10.0 

14.5 

30.3 

20.9 

Kassel 

55.3 


7.6 

19.9 

37.1 

25.7 

Fortuna 

54.8 

24.7 

15.1 

16.8 

30.1 

20.9 

Corona 

39.3 

44.5 

6.0 

26.9 

54.7 

14.4 

Hirschfelde 

13.2 

22.9 

7.2 

17.5 

79.6 

6.5 


the product obtained with alcohol-benzene 
was higher than that obtained with alcohol 
alone. The montan wax obtained with 
benzene had a higher melting point than 
that obtained with benzine. Both these 
properties indicate a higher molecular 
weight for the wax. 

In general, montan wax has the following 
properties: 46 acid number, 20 to SO; sa- 
ponification number, 60 to 80; iodine num- 
ber, 12 to 19; specific gravity, near 1; heat 
of combustion, 9,700 calories per gram; 
and flash point, 300° C. A sample of mon- 
tan wax (resin-free) obtained by Schnei- 
der 47 from a brown coal (Riebeck Mon- 
tanwerke) had a melting point of 80° C; 
acid number, 23; saponification number, 
95; methoxyl number, 2.0; and heat of 
combustion, 9,896 calories per gram. The 
elementary analysis for the sample was: 
carbon, 79.6 percent; hydrogen, 12.7 per- 
cent; sulfur, 0.8 percent; and ash, 0.6 per- 
cent. These properties, with the exception 

46 Graefe, E., Laboratoriumsbuch fur Braun- 
kohlenteerindustrie, W. Knapp, Halle, 1908, p. 
152. 

47 Schn eider, W., Ges. Abhandl . Kenntnis 
Kohle, 3, 325-57 (1919). 


of the saponification number, fall within 
the limits indicated above. 

Kramer and Spilker 34 were among the 
first to observe that the crude montan wax 
contained resinlike materials. Graefe 48 
has shown that a separation of the wax 
and resins can be brought about by dis- 
solving the crude material in hot alcohol 
which then precipitates the wax upon cool- 
ing, leaving the resins in solution. A more 
quantitative separation can be achieved by 
fractionating with ether in which the wax 
is insoluble. Fischer and Gluud 49 have 
found that liquid sulfur dioxide is an effec- 
tive solvent for separating the wax and 
resins, and there is evidence 50 that an 
acetone-sulfur dioxide (1:1) mixture will 
also fractionate this mixture. Pschorr and 
Pfaff 51 extracted bitumens with ether and 
acetone and obtained a sticky, ether-soluble 
resin fraction. Some further subdivision of 
the bitumens is occasionally encountered. 
Steinbrecher 45 separated the extract into 
benzene-soluble and -insoluble waxes, ace- 
tone-insoluble waxes, and benzene- and ace- 
tone-soluble resins. 

The resin content of brown-coal bitu- 
mens is far from constant. For example, 
Graefe 48 found that montan wax from 
pyropissite contained only 6.64 percent 
resin; bitumens from Riebeck brown coal, 
16.54; bitumen of the firm of Heimann, 
46.66; montan wax from Bohemian coal, 
31.54; and Silesian montan wax, 65.90. 

48 Graefe, E., Braunkohle, 3, 242 (1904); 

Braunkohlen- u. Brikettind 29, 297 (1921), 30, 
59 (1922) ; Brennatoff-Chem ., 3, 56-7, 59-60 
(1922). See also Schneider, W., and Jantsch, O., 
Ges . Abhandl. Kenntnis Kohle , 4, 363-72 (1919). 

49 Fischer, F., and Gluud, W., Ges. Abhandl. 
Kenntnis Kohle, 1, 64-7 (1915-6); Ber., 49, 
1469-74 (1916). 

so Schmitt, G., Petroleum Times, S, 249-50 
(1922). 

5i Pschorr, R., and Pfaff, J. K., Ber 53, 2147- 
62 (1920) ; Z. angew. Chem., 34, 334-6 (1921). 
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Patzschke 52 found that the bitumen from 
Oberlausitzer brown coal contained 80 to 
82 percent resin and only 18 to 20 per- 
cent wax. Schneider 47 reported that a 
brown coal from the Riebeck Montanwerke 
yielded 15 percent montan wax, of which 
2 percent was resin and 13 percent wax. 
A Bohemian brown coal, the entire extract 
of which was composed of resin, has been 
reported. 53 

Schneider 54 reported the following prop- 
erties and analysis of montan resin: melt- 
ing point, 65 to 70° C; acid number, 33; 
saponification number, 76; methoxyl num- 
ber, 3.4; carbon, 78.4 percent; hydrogen, 
10.5 percent; sulfur, 1.3 percent; ash, 0.9 
percent ; and heat of combustion, 9,255 cal- 
ories per gram. The resin from Oberlau- 
sitzer brown coal studied by Patzschke, 52 
which contained 18 percent wax, had the 
following properties: softening point, 
68.0° C; drop point, 97.5° C; and saponi- 
fication number, 119. Patzschke was able, 
through further refining of the crude 
resin, to obtain a high-melting resin which 
was completely saponifiable (saponification 
number, 260). It resembled colophonium 
and formed insoluble aluminum salts which 
could serve for sizing paper. The dielec- 
tric constant of this material was higher 
than that of rubber and ebonite. The 
properties of montan resin given by Mar- 
cusson and Smelkus 55 are : acid number, 
42.9; saponification number, 73.2; iodine 
number, 22.9; and specific gravity, above 1. 

Graefe 48 treated a large quantity of We- 
bau montan wax with 90 percent ethanol 
and obtained a residue, alcohol-soluble res- 
ins, and alcohol-insoluble waxes which had 

52 Patzschke, P. W., Brennstoff-Chem 2, 59- 
60 (1921). 

53 See p. 182 of ref. 8. 

54 Schneider, W., Ges. Abhandl . Kenntnis 
Kohle, 5, 46-8 (1920). 

55 Marcusson, J., and Smelkus, H., Chem.-Ztg., 
41, 129—32, 150-1 (1917). 
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the physical and chemical properties given 
in Table X. 

Chemical investigation of the resins of 
brown coal has indicated again the com- 
plexity of the soluble material of coal and 
has shown to some extent the method, of 
formation and origin of the highly con- 
densed systems found in the higher-rank 
coals. The w r ork of Marcusson and Smel- 
kus, 55 as well as that of Steinbreeher, 56 has 


TABLE X 

Properties of Constituents of Webau 
Montan Wax 43 


Property 

Resin 

Wax 

Residue 

Specific gravity (15° C) 

1.063 

1.008 

1.013 

Melting point, °C 

72 

76 

82 

Acid number 

27.5 

49.5 

28 

Ester number 

28 

61.6 

30 

Saponification number 

55.5 

111.1 

58 

Distillation gave: 

Distillate, percent 

67 

74.0 

66.0 

Coke, percent 

10.4 

8.0 

9.2 

Gas, percent 

22.6 

18.0 

24. S 

Distillate was: 

Liquid, 

Solid, but- 

Solid, but- 


dark 

ter like, 

ter like, 


brown 

yellowish 

yellowish 

Specific gravity of distillate 

0.981 

0.994 


Acid number of distillate 

19.3 

20.0 

16.0 

Ester number of distillate 

28.0 

33.6 

28.0 

Saponification number of 
distillate 

47.3 

53.6 

44.0 


indicated the terpene nature of the resins 
obtained from brown-coal bitumens. Sol- 
tys 57 isolated a hydrogenated poly terpene, 
C20H34, iosene, in small quantities from 
Styrian brown coal. Iosene is a retene 
derivative, identical with hartite. Soltys 
thought that it was probably likewise iden- 
tical with bombiccite and hofannite, re- 
ported earlier, 58 and with the hydrocarbon 

56 Steinbreeher, H., Brennstoff-Chem., 12, 163—5 
(1931). See also: Jurasky, K. A., Brennstoff- 
Chem., 12, 161-3 (1931). 

57 Soltys, A., Monatsh 53/54, 175-84, 185-6 
(1929). 

58 Ciusa, R., and Galizzi, A., Gazz. cMm. ital 
51, I, 55-60 (1921). Ciusa, R., and Croce, M., 
Hid., 52, I, 125-8 (1922). 
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isolated from brown coal by Dolch and 
Strebinger. 59 The petroleum-ether-soluble 
fraction of the original extract contained a 
saturated tricyclic sesquiterpene with the 
formula C 15 H 2e , which was characterized 
only by analysis. From 1 kilogram of the 
same coal, Soltys was able to isolate from 
0.1 to 0.3 gram of an optically active com- 
pound ([«]§ = —19.1 in benzene) which 
melted at 256° C and had the formula 
C 30 H 50 O. This compound apparently had 
a sterollike structure. Another optically ac- 
tive hydrocarbon, C 15 H 28 , ([<*]§ = +5.62), 
which melted at 265° C was also found. 
Walden 60 as early as 1906 had detected a 
dextrorotatory substance in coal bitumen. 

From the extraordinarily complicated 
mixture found in a brown-coal resin, Ruhe- 
mann and Raud 61 were able to isolate a 
small quantity of crystalline sterols and 
terpene derivatives. A middle German 
brown coal was treated in an extractor 
which worked on the Soxhlet principle 
with ethanol-benzene, and the bitumens 
obtained were separated into wax and resin 
fractions with ether, 48 in which the wax is 
insoluble, and then a further separation 
was carried out by precipitating the re- 
maining wax from a benzene solution of 
the ether-soluble part with acetone at tem- 
peratures below 0°C. 45 The resulting 
crude resin had the following analysis and 
chemical constants: C, 76.4 percent; H, 
10.3 percent; O + S + N, 13.3 percent; 
saponification number, 93.1; acid n um ber, 
14.6, and ester number, 78.5. The neutral 
unsaponifiable resin material, in addition 
to small amounts of high-molecular-weight 
paraffin alcohols isolated by Pschorr and 

59 Dolch, M., and Strebinger, R., Mikrochemie, 
2* 94—8 (1924). 

eo Walden, P., Chem.-Ztg., 30, 1155-8, 1167-70 
(1906). 

eiRuhemann, S., and Rand, H., Brennstoff - 
Chem., 13, 341-5 (1932). . Pschorr, R., and Pfaff 
J .K. t Ber. t 53, 2147-61 (1920). 


Pfaff 61 also contained a colorless crystalline 
substance melting at 346° C. Analysis gave 
a formula for the compound, C 30 H 48 O 3 , 
isomeric with hydroxyallobetulinol. Upon 
attempted acetylation it was found to con- 
tain no hydroxyl, nor did the oxygen ap- 
pear to be carbonyl since no reaction took 
place with phenylhydrazine. Hence, it was 
concluded that all three oxygens were in 
ether linkages or heterocyclic configura- 
tions, and it was pointed out that the com- 
pound might have originated in a sterol in 
which the hydroxyl groups of allobetulinols 
had undergone isomerization to form a cy- 
clic compound — a commonly encountered 
reaction in sterol chemistry. The com- 
pound differed from most sterols in being 
completely saturated. The terpene nature 
of the material was indicated by reduction 
with hydriodic acid in a sealed tube at 200 
to 250° C to yield a polyterpene (C 5 H 8 ) n . 

In another series of experiments by these 
same authors; brown coal was extracted 
with ethanol-benzene to give an 8.8 percent 
yield of bitumens of which 11.8 percent was 
soluble in petroleum ether (60 to 70° C 
fraction) and 21.8 percent was soluble in 
methyl alcohol. Two paraffin hydrocar- 
bons, triacontane, C 30 H 64 , melting at 64 
to 65° G, and do triacontane, C 32 H 64 , melt- 
ing at 70 to 71° C, were isolated from the 
petroleum ether fraction. The petroleum 
ether extract was also found to contain 
polyterpenes. The methanol-soluble ex- 
tract was found to contain the isomer of 
hydroxyallobetulinol referred to earlier and 
an unidentified primary alcohol, C 20 H 40 O 2 
(melting point, 250° C). It also contained 
a small amount of 4-isopropylidenecyclo- 
hexanone. It is of interest to note that 
this last compound results from the isom- 
erization of nopinone with dilute acids and 
that nopinone is a product of the oxidation 
of £-pinene. The saponifiable portion of 
this extract was found to contain betulinol, 



THE EXTRACTION 

C30H50O2, melting point 254 to 255° C, 
allobetulinol, C 30 H 50 O 2 , melting point 264 
to 265° C, hydroxyallobetulinol, C 30 H 48 O 3 , 
melting point 336 to 337° C, and its isomer. 

The saponification of montan wax (resin- 
freed material) is much more difficult than 
saponification of the resin. Whereas the 
reaction of the resin takes place easily with 
aqueous alkali, alcoholic potassium hydrox- 
ide must be used for the wax. Fischer and 
Schneider 62 found that at 200° C under 
pressure montan wax could be saponified 
with sodium carbonate solution. Tropsch 
and Kreutzer, 63 Dilthey, 64 and Koch 65 
saponified the wax with 5N aqueous po- 
tassium hydroxide in an autoclave at 160 
to 170° C. Concentrated hydrochloric acid 
at 110 to 120° C will not cleave the wax 
esters. The unsaponifiable part of the wax 
can be dissolved away from fatty acid salts 
with acetone. 

Kramer and Spilker 34 isolated an alco- 
hol with 20 to 22 carbon atoms from the 
unsaponifiable part of the wax. Hiibner 66 
indicated the probable presence of ketones, 
Ci 6 H 32 0 and C 12 H 24 0, in the same frac- 
tion and the presence of a solid paraffin 
(melting point 52-53°) which was probably 
decosane. Ciusa and Galizzi 67 separated 
the crystalline compounds, C 15 H 2 o, “simo- 
nellite,” C 4 5H 23 , C 4 gH 2 g, and C 2 2H 34 from 
' the ether extract of the unsaponifiable por- 
tion of a Fognano brown coal. 

The action of chloronitric acid on mon- 
tan wax yields chloro and nitro com- 

62 , Fischer, F., and Schneider, W., Gas. Ab- 
handl. Kenntnis Kohle, 4, 180-209 (1919). 

63 Tropsch, H., and Kreutzer, A., Brennstoff- 
Chem., 3, 49, 177-80, 193-8, 212-5 (1922). 

64 Tropsch, H., and Dilthey, P., ibid., 6, 65-9 
(1925). 

65 Koch, H., ibid., 10 , 82-6 (1929). Tropsch, 
H., ibid., 10 , 403-4 (1929). 

66 Hiibner, C., dissertation, Halle, 1903, p. 20 ; 
Arch. Pharm., 344, 196-215 (1906). 

67 Ciusa, R., and Galizzi, A., Ann. chim. appli- 
cata, 15, 209-14 (1925) ; Zentralbl., 97 , I, 278 
(1926). 
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pounds. 41 Montan wax is susceptible of 
oxidation with potassium permanganate 
and dichromate in acid or basic solution, 
and it is possible, through choice of condi- 
tions, to obtain light yellow to pure white 
products by such means. Treatment with 
fuming or concentrated sulfuric acid brings 
about the formation of a char from which 
an almost white wax can be extracted in 
small amounts with solvents such as ben- 
zine. 

It has already been pointed out that the 
long heating of peat bitumens at moder- 
ately high temperature results in their par- 
tial conversion to benzene-insoluble sub- 
stances. The same process takes place 
with brown-coal extracts 68 in which the 
carbon and hydrogen contents are de- 
creased by about 1.5 percent. 

Montan wax is also oxidizable in air at 
higher temperatures in somewhat the same 
manner as paraffins. Oxidation with air 
takes place rapidly at higher temperatures 
under pressure in the presence of alkali. 69 
Fischer and Schneider 70 have studied the 
effect of a stream of air on montan wax 
at 200° in the presence of aqueous sodium 
carbonate. From this treatment there re- 
sulted an almost clear solution of sodium 
salts having poor lathering properties. 
Longer treatment resulted in the forma- 
tion of soaps of fatty acids (C 12 H 24 0 2 to 
CisH 35 0 2 ). Montan wax which has been 
heated to 340 to 350° C shows an increased 
resistance to pressure oxidation. Distilled 
montan wax is slightly oxidizable under 
pressure. Fractional crystallization of the 
sodium salts of the fatty acids from the 
wax will take place at room temperatures 
to give soluble soaps with good lather- 

68 Schneider, W., Ges. Abhandl. Kenntnis 
Kohle, 4, 48-93 (1919). 

69 Fischer, F., ibid., 4, 13-25 (1919). 

70 Fischer, F., and Schneider, W., ibid., 4, 

48-93 (1919). Fischer, F., ibid., 4, 

(1919). 
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forming properties. The yield of fatty 
acids from the pressure oxidation of mon- 
tan wax, according to Strache and Lant, is 
lower than from paraffin since the higher 
fatty acids are attacked only after those of 
average molecular weight have been de- 
stroyed. 

The oxidation of montan wax with 
ozone has also been studied. Fischer and 
Tropsch 71 treated 10 grams of the w 7 ax 
with 6 percent ozone and found that the 
dark-colored solution changed to light yel- 
low after only a half an hour of treatment. 
After 24 hours, the total weight of the re- 
action products was 12 grams. The resin- 
ous material was separated from the wax 
by boiling the mixture with benzine (boil- 
. ing point, 100 to 120°) in which the resin 
was insoluble. The waxlike product had an 
average equivalent weight of 368. Frac- 
tionation of this material with alcohol gave 
an equivalent weight of 520 for the least 
soluble part and 288 for the soluble frac- 
tion. A similar treatment, when applied to 
so-called montanic acid, yielded fragments 
of about half the molecular weight of the 
original acid. Fischer and Schneider, 72 in 
a later paper, showed that, whereas low- 
temperature tar paraffins and montan wax 
are easily oxidized with ozone to water-in- 
soluble acids at 50 to 60° C, hard paraffins 
and preheated montan wax are much more 
resistant to this treatment. 

The distillation of montan wax has been 
investigated by a number of workers. Von 
Boyen 41 obtained a tallowlike material 
melting at 55 to 60° C from the distillation 
of the wax. Kramer and Spilker 34 ob- 
tained semi-liquid paraffin hydrocarbons. 
To avoid the apparent drastic decomposi- 
tion they also carried out distillations un- 

71 Fischer, F., and Tropsch, H., ibid., 2, 169-72 
(1917). 

72 Fischer, F., and Schneider, W., ibid., 5, 117- 
28 (1920). 


der reduced pressure and obtained a yel- 
lowish, waxlike material melting at 74 to 
78° C. The distillation of montan wax by 
Graefe has already been referred to. 

From the unsaponifiable fraction ob- 
tained from distillation of montan wax, 
Eisenreich 73 obtained a substance contain- 
ing 2.57 percent oxygen, which Griin and 
Ulbrich 74 believed to be a ketone formed 
from montanic acid. This compound they 
named montanone. 75 The melting point of 
the distilled wax was lower than that of 
the raw material, the iodine number was 
higher, and the molecular weight lower. 
Moreover, the acid content of the distilled 
product was lower than the original. The 
distillation was accompanied by a loss of 
water, carbon dioxide, carbon monoxide, 
and hydrogen sulfide, and by the formation 
of pitch. Ketones such as those found in 
the distillate could have had their origin in 
the loss of carbon dioxide and water from 
two molecules of acid. 

The distillation of montan wax with su- 
perheated steam (250° C) and subsequent 
treatment of the resulting material with 
decolorizing agents, according to von 
Boyen, 76 produced a white crystalline prod- 

73 Eisenreich, K., Chem. Rev. Fett- u. Hcirs- 
Ind., 16, 211—3 (1909) ; Chem. Zentr 80, XI 
1088 (1909). 

74 Griin, A., and Ulbrich, E., ibid., 23, 57-60 
(1916). See also ref. 55. 

75 There is a considerable amount of confusion 
in the literature concerning the formula of mon- 
tanic acid. Griin and Ulbrich used C 2s H 5 «0 2 , as 
did Fischer and Tropsch (see ref. 71). Others, 
Strache and Lant and Fuchs, used C 29 H 5S 0 2 . The 
ketone referred to above according to Griin and 
Ulbrich was ( ) 2 C = O. 

76 Von Boyen, E., Ger. Pat. 101,373 (1897). 

For other purification methods see : Nathanson, 
F., Ger. Pat. 220,050 (1906). Wachs- u. Ceresin- 
Werke, Ger. Pats. 237,012 (1908), 254,701 

(1908), 247,357 (1909). lena, E., Ger. Pats. 
411,541 (1922), 411,542 (1922). A. Rie- 

bech’sche Montanwerke, Ger. Pats. 447,530 
(1923), 449,297 (1925), 556,150 (1927), 556,407 
(1929). Schliekum-Werke A.-G., Ger. Pat. 491,- 
161 (1924). I. G. Farbenindustrie A.-G., Ger. 
Pats. 451,187 (1926), 553,296 (1926), 462,373 
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uct which melted at 70 to 80° C. The 
properties given by Marcusson and Smel- 
kus 55 for steam-distilled wax were: acid 
number, 42 to 123; saponification number, 
62 to 127; iodine number, 9.8 to 12.0; ether 
number, 1.5 to 10.7; melting point, 73 to 
80° C; montanic acid content, 32.0 to 93.2 
percent; unsaponifiables, 6.8 to 68.0 per- 
cent. 

Montan wax has been subjected to a 
considerable number of investigations, the 
chief purpose of which has been the isola- 
tion and identification of its various chemi- 
cal constituents. Some of these, which oc- 
cur in the resin part of the wax and distil- 
late, have already been indicated. Many 
more have been found in the wax itself. As 
early as 1852, Bruckner 77 had isolated an 
acid from Gerstewitz brown coal. This 
compound, which melted at 82° C, he called 
“geocerinic acid.” The analysis of the lead 
salt indicated the formula to be C 2 sH 56 0 2 . 
This compound had been obtained by the 
superheated-steam distillation of montan 
wax (refined wax) in which some decompo- 
sition might have taken place. Hell, 78 who 
made a further study of this compound, 
obtained the free acid by saponifying re- 
fined montan wax with alkali, extracting 
the soaps with ligroin, and decomposing 
the acid salts with mineral acid. The re- 
sulting acids melted at 83 to 84° C. This 
was followed by a systematic fractionation 
by precipitation of the acids with magne- 
sium acetate. The melting points of the 
acids from the various fractions were close 
together, and it was found that the value 
could not be increased beyond 84.5° C. 
Elementary analysis of the free acid gave 
a formula C2 9 H 5S 0 2 . Hell converted one 
of the fractions to the methyl ester and 

(1927). Johnson, J. Y., Brit. Pat. 305,552 
(1929). Weiler, Ghem.-Ztg., 63, 761-3 (1938). 

77 Briickner, L., J. prakt. Chem.j (1), 57, 1-21 
(1852). 

78 Hell, C., Z . angew . Ghem 13, 556-7 (1900). 


fractionated this at 14 millimeters. It was 
found to distil over at 296 to 298° C. The 
melting point of this fraction w r as just un- 
der 84° C, and the analysis of the lead salt 
fitted best the formula Co 9 H 58 02. Hell 
came to the conclusion that the acid part 
of the brown-coal bitumens was composed 
almost entirely of this acid and that it 
differed completely from the acids gener- 
ally found in waxes. These workers based 
their formulas on the analysis of the lead 
salts, which are of such molecular size that 
the difference between C 2S and C 29 would 
be close to the experimental error so that a 
formula thus established is hardly unques- 
tionable. A more accurate method would 
be the determination of the equivalent 
weight by titration of the acid with alco- 
holic alkali. The difference in equivalent 
or molecular weight between a C 2 s and a 
C 29 acid is 14, a value well outside the ex- 
perimental error. Eisenreich 73 has con- 
firmed the formula of Hell and reported a 
melting point of 82.5° C. 

Later research, hotvever, indicated that 
the formula C 29 H 5S 0 2 was in error, and 
C 2 sH 56 02 was reported as being correct. 
Ryan and Dillon 79 obtained a yellowish 
white wax from Irish peat that, upon re- 
crystallization from alcohol, yielded mon- 
tanic acid which melted at 83° C and to 
which they ascribed the formula C 2 sH 56 0 2 . 
Easterfield and Taylor 80 obtained an acid 
from montan wax that, upon repeated crys- 
tallizations from alcohol and glacial acetic 
acid, melted at 82.5° C. The titration value 
agreed with the formula C 2 sH 56 02. On the 
basis of a thorough investigation, Meyer 
and Brod 81 obtained a titration value of 

79 Ryan, H., and DiUon, T., Sci. Proc. Roy. 
Dublin Soc.j 12, 202-9 (1909) ; CJiem . Zentr 84, 
II, 2048-9 (1913). 

so Easterfield, T. H., and Taylor, C. M., J. 
Chem. Soc 99, 2298-307 (1911). 

si Meyer, H., and Brod, L., Monatsh 34, 1143- 
57 (1913). 
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426.2 against 424.4 calculated for < 
which certainly seems a justification of the 
C 2 s formula. Their system of fractionation 
and purification was quite long and elab- 
orate. The work of Pschorr and Pfaff 51 
indicated the C 28 acid to be correct on the 
basis of an equivalent weight of 426. At 
the same time these authors isolated several 
higher alcohols from the saponified montan 
wax. Acetylation of the nonacid fraction 
with acetic anhydride and subsequent frac- 
tional crystallization of the resulting prod- 
uct yielded tetracosanol, C 2 4 H 50 O 82 (melt- 
ing point 83° C), eeryl alcohol, C 26 H 54 0 
(melting point 79° C), and myricyl alcohol, 
C 30 H 62 O (melting point 88° C) . An un- 
identified crystalline compound, C 24 H 34 0 2 , 
was also isolated. 

Kliegl, Schmid, and Merkel 83 attempted 
to solve the montanic acid problem by 
synthetic methods by studying the rela- 
tionship between montanic, cerotic, and 
melissic acids. The montanic acid was 
converted to the amide and this by the 
following steps to montyl chloride: 
R*CONH 2 -* R-CN -> RCH 2 NH 2 -» R*CH 2 - 
NHCOC 6 H 5 -+ RCHoCl. This last com- 
pound was allowed to react with sodium 
malonic acid ester, yielding RCH 2 CH 2 - 
COOH, which was identical to melissic acid, 
C 31 H 62 0 2 . The inference, therefore, was 
that the original montanic acid contained 
29 carbon atoms. Note, however, that 
melissic acid is generally considered by 
most authors to contain a total of 30 car- 
bons, not 31, as given by Kliegl, Schmid, 
and Merkel. Moreover, these authors spe- 
cifically referred to the origin of this com- 
pound as being mycricyl alcohol from bees- 

5 2 Marcusson, J., and Smelkus, H. (see ref. 
55), had isolated what appeared to be a mixture 
of saturated aliphatic alcohols (melting point 78 
to 80° C) which had an average molecular weight 
of 356, corresponding to the formula C 2 4H a >0. 

53 Kliegl, A., Schmid, H. } and Merkel, M. t 
Chem.-Ztg., 45, 201 (1921). 


wax. Beeswax, according to Conant, 84 is 
largely myricyl palmitate, C 15 H 31 COOC 3 0 - 
H 61 . Whitmore 85 has stated that melissyl 
or myricyl alcohol, which has the formula 
C 30 H 61 OH or C 31 H 63 OH, occurs in bees- 
wax. If the acid considered, from the alco- 
hol of beeswax, contained 30 carbons, then 
montanic acid must contain 28. The sec- 
ond approach to the question should carry 
more weight. This consisted in a Hof- 
mann degradation of montanic acid to 
yield the next lower member of the series 
which could then be converted to an acid 
identical to that obtained by treating ceryl 
iodide (C 26 ) with sodium malonic acid 
ester, indicating again that montanic acid 
contains 29 carbon atoms. 

Tropsch and Kreutzer, 63 in a series of 
papers, have reported in detail their find- 
ings which indicated that the montanic acid 
considered by others was not pure but 
existed as a mixture of acids. These au- 
thors subjected the methyl esters of the 
crude acid mixture, obtained from a middle 
German brown coal, to repeated fraction- 
ations at 5 millimeters pressure and tem- 
peratures ranging from 250 to 305° C. The 
resulting ester fractions were decomposed 
to the free acids, which were further puri- 
fied by fractional precipitation with mag- 
nesium acetate. The purified acids were 
then identified by melting point and titra- 
tion characteristics. It was found that the 
investigated material consisted chiefly of a 
mixture of carboceric acid, C 27 H 54 0 2 
(melting point 82° C), and montanic acid, 
C 29 H 5S 0 2 (melting point 86 to 86.5° C) 
which occurred in an approximate 1 : 1 
ratio. In addition to these, small amounts 
of pentacosoic acid (“Hyanasaure”) , C 25 - 
H 50 O 2 (melting point 78° C), were found. 

S4 Conant, J. B., The Chemistry of Organic 
Compounds , The Macmillan Company, New York, 
1934, p. 186. 

85 Whitmore, F. C., Organic Chemistry , D. Van 
Nostrand Company, New York, 1937, p. 142. 
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About 5 percent of the total acid mix ture 
was thought to be melissic acid, C 31 H 62 0 2 
(melting point 90 to 91° C). The montan 
wax was reported to exist in part as free 
acids (about 25 percent) and partly as 
esters of these selfsame acids with aliphatic 
alcohols. 

From a Rhenish brown coal Tropsch and 
Dilthey 64 extracted 6.5 percent of bitumen 
in a Soxhlet with benzene based on the dry 
coal. This coal, strangely enough, gave 
only 3.2 percent yield with ethanol benzene 
(1 : 1), which is generally conceded to be 
a better solvent than benzene alone. 86 
After saponification of the resin-free wax 
and purification of the various fractions, 
myricyl alcohol, C 30 H 62 O, and an unknown 
alcohol, C 32 H G6 0 or C 32 H 64 0 (“bitumi- 
nol”)> were obtained in a ratio 1 : 5. Car- 
boceric and montanic (C 29 ) acids were 
again found in a 1 : 1 ratio. 

In a later paper Tropsch and Koch 65 
pointed out the interesting relationship be- 
tween the acids of brown coal and the acids 
obtained from beeswax. Gascard and 
Damoy 87 have reported that beeswax con- 
tains the acids C^HgoC^, C 2 7 Hg 4 0 2 > G 2 9 ~ 
H 58 0 2 , and C 31 H 62 0 2 , all of which, with 
the exception of the last, have been found 
in coal bitumens, and the presence of ma- 
terial with a molecular weight greater than 
that of montanic acid has been indicated, 
in this same paper Tropsch and Koch gave 
evidence indicating the presence of an acid, 
C 33 H 62 0 2 , although there was some little 
discrepancy between the melting point 

86 Schneider, W., G-es. Abhandl. Kenntnis 
Kohle, 2, 65-79 (1917), referred to a coal which 
gave the same yield of extract with both ether 
and benzene (8.67 and 8.64 percent). In gen- 
eral, the benzene yield is higher. A middle 
German brown coal gave 16.26 percent with ben- 
zene and 6.95 percent with* ether. Though the 
second coal had a greater moisture content than 
the first, a better explanation of this difference 
probably lies in a fortuitous resin and wax ratio. 

87 Gascard, A., and Damoy, G., Compt. rend 
177 , 1222-4 (1923). 


(88.5 to 89.0° C) which they obtained and 
that reported by Gascard and Damoy 
(90° C). The absence of the acid C 3( r 
H 60 O 2 was established. This brings up an 
interesting point. Tropsch et al. were only 
able to isolate acids with an uneven num- 
ber of carbon atoms, C 25 , C 27 , C 29 , and 
C 31 , and they believed that they had estab- 
lished the absence of acids C 2S and C 30 . 
All the acids isolated by them fit well on 
melting-point curves for other known acids 
(normal) of an uneven number of carbon 
atoms. Eggert, 8S however, had reported 
the presence of the acid C 26 H 52 0 2 in re- 
fined montan wax. Tropsch and Koch ex- 
pressed the opinion that this acid was a 
mixture as indicated by its physical con- 
stants. 

In the same year that Tropsch and Koch 
published their paper (1929), Holde, Bley- 
berg, and Vohrer 89 presented results of 
work which were completely contradictory 
to those of Tropsch et al. In this paper 
Holde and coworkers reported the isolation 
and identification of a C 2S acid and an 
iso-C 32 acid and further expressed the 
opinion that a C 30 acid was probably a 
constituent of montan wax. They espe- 
cially described montanic acid as having 
28 carbon atoms and melting at 89° C. 
The melting point, 86.5° C, reported for 
the C 2 g acid of Tropsch they believed to 
indicate either an impure material or an 
iso acid. This last opinion was based on 
the experimental data of Levene and Tay- 
lor, 90 who have reported melting points for 
the normal acids (synthetic) from C 1S to 
C 26 , from which data Holde extrapolated 
a value of 87.88 for an n- C 27 acid {vs. 
82° C according to Tropsch) and 89 to 90 

88 Eggert, E., dissertation, Halle, 1925. 

89 Holde, D., Bleyberg, W., and Vohrer, H., 
Brennstoff-Chem 10, 101-8, 124-8 (1929). 

90 Levene, P. A., and Taylor, P. A., J. Biol. 
Chem 59, 905-21 (1924) ; Chem . Zentr 95, II, 
309-10 (1924). 
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for an n-C 29 acid. Holde et al. also pointed 
out that earlier Fischer and Tropsch 71 
had stated montanic acid to contain a 
branched chain and that, with respect to 
the work of Kliegl, Schmid, and Merkel, 83 
Tropsch himself, in a later work, 64 had 
referred to cerotic acid as a C 2g acid. 
Moreover, it did not appear improbable to 
them (Holde et al.) that both the cerotic 
acid and the montanic acid were impure. 

Francis, Piper, and Malkin 91 made a 
study of the higher fatty acids and pointed 
out several things of interest relative to 
the foregoing material. The problem of 
the higher aliphatic acids was brought to 
their attention in the course of an investi- 
gation of the oxidation of paraffin. The 
acids obtained in the process appeared to 
be pure normal fatty acids but differed in 
their properties from synthetic acids. The 
usual laboratory methods of purification 
were applied, without success, to these 
compounds. To gain further knowledge of 
the problem, a number of normal acids (up 
to C 26 ) were prepared by synthesis. Some 
of the observed properties and peculiari- 
ties of these acids were: 

1. The melting points of the acids be- 
tween C n and C 26 lay on two smooth 
curves; one for the odd and the other for 
the even acids, a well-known phenomenon. 
But the point corresponding to the C 2G 
acid which melted at 88,2° C was at least 
0.5° C above the curve for the even acids. 
Levene and Taylor 90 had reported a melt- 
ing point of 88 to 89° C for this acid. 

2. These authors felt that there was 
some evidence that melting points of the 
acids, and particularly of those of higher 
molecular weight, were not entirely inde- 
pendent of the treatment to which they 
were subjected during melting. The C 24 
acid always melted at a higher tempera- 

91 Francis, F., Piper, S., Malkin, T., Proc. Roy. 
80 c. (London), A12S, 214-52 (1930). 


ture when the material was in the form of 
finely powdered crystals than when a 
melted and resolidified sample was used. 
This difference, however, was not observed 
for the C 26 acid. 

3. It was found that the melting points 
of equimolar acid mixtures were as sharp 
as those of the pure acids themselves, and, 
like these, the resolidification took place 
at a temperature within 1° C of the melt- 
ing point. 

4. The melting points of the mixtures, 
when plotted against the number of car- 
bon atoms in the molecule, lay on a smooth 
curve. When the longest chain in the 
mixture was even, the curve was above the 
curve for the mixture in which the longest 
chain was odd. 

A study made by these authors of the 
large crystal spacing of the pure acids, they 
believed, indicated that certain spacing 
data coupled with a correct melting point 
are sufficient guarantee of a high degree of 
purity, but neither alone is adequate. Ap- 
plication of this system of analysis to the 
products of oxidation of paraffin indicated 
that the products were mixtures of n-fatty 
acids. There was no indication of iso 
acids in any preparation studied. Acids of 
both an odd and an even number of car- 
bons were isolated from the oxidation. 
The controversy existing over the names 
and formulas of the various higher acids 
is well reviewed in this paper. Montanic 
acid supplied by Ryan (melting point 
S3. 6° C) gave a photograph which clearly 
indicated impure material, and it was 
thought that a mixture of acids with car- 
bon content of either 28 and 30 or of 28, 
30, and 32 existed. Another sample sub- 
mitted by Holde melted at 88° C. The 
X-ray spacings indicated that it certainly 
contained C 28 H 56 0 2 , probably in a pre- 
ponderating amount, and possibly an acid 
of lower carbon content. 
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The effect of moisture and drying on the 
extraction of peat has been noted. Ex- 
tractions carried out in the presence of 
water with benzene yielded, in general, 
greater amounts of bitumens. This same 
effect has been reported for brown coal. 
The Soxhlet extraction of a Bohemian 
brown coal with benzene gave a yield of 
1.2 percent for a sample dried at 105° C 
and 2.2 percent with the undried (10 to 
20 percent water) material. 92 Later 
Fischer and Schneider 93 studied the effect 
of water on the Soxhlet and pressure ex- 
traction of brown coal. The yields of 
extract with benzene from the atmospheric 
extractions are given in Table XI. It can 

TABLE XI 

Effect of Moisture on Yield of Extract 
from Brown Coals 93 

Air Dried, Dried at 
about 105° C 
Dried at 10 Percent and Water 
105° C Water Added 

Middle German brown coal I 11.5 15.5 14.2 

Middle German brown coal II 11.1 14.9 14.4 

Niederlausita brown coal 11.1 14.0 

be seen that readdition of water to the 
dried coal restored the value of the yield 
to almost the figure obtained with the 
moist material. This was not true with 
peat. When the extractions were carried 
out on one of the brown-coal samples at 
240 to 245° C with benzene the total yield 
was 23.8 percent for the coal dried at 105° 
and 31.2 percent for the same coal dried 
at 105° C but remoistened with water. 
The fact that the increased yield was not 
due to the solution of humic acids was 
established by the insolubility of both ex- 
tracts in an alkaline solution. 

Just as with peat, extractions carried out 

92 Schneider, W., G-es. Althandl. Kenntnis 
Kohle, 3, 150-63 (1918). 

93 Fischer, F., and Schneider, W., iMd 3, 315- 
24 (1918). 
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under pressure with benzene result in an 
increase in yield over atmospheric extrac- 
tion. Some light has been thrown by 
Fischer and Schneider 36 on the mechanism 
by which such an increase is obtained. In 
the first of two experiments, 20 grams of 
residue from an exhaustive extraction with 
benzene at atmospheric pressure was 
heated for 1 hour at 250 to 260° C. At 
the end of this period, the remaining ma- 
terial (18.1 grams) was extracted with ben- 
zene in a Soxhlet (atmospheric) giving a 
yield of 0.27 percent. In the second ex- 
periment the raw coal (15 grams) was 
treated in a similar manner. The residue 
(10 grams) as before was extracted with 
benzene, yielding 3.1 percent bitumens. 
The coal used in these experiments was 
brown coal Union-Briquettes (12.5 percent 
moisture), which, upon extraction with 
benzene, gave yields of: 3 to 3.5 percent 
in a Soxhlet, 4.4 percent at 150° C, and 
7.2 percent at 220 to 250° C. It would, 
therefore, appear that the increased yield 
at the higher temperature was not the re- 
sult of thermal breakdown to give more 
soluble products, but rather an ordinary 
solution phenomenon. The decrease in 
weight of the coal sample upon heating was 
due to loss of water, about half of which 
was the original moisture content. Some 
hydrogen sulfide was lost, but very little 
organic material (oillike material). ' In the 
same paper data were presented for an- 
other brown coal (Saxon) w r hick gave a 
yield of 11 percent in a Soxhlet and 25 
percent at 260° C. 

In a later paper 2 it w T as shown that, if 
the residue from the Soxhlet extraction of 
Union-Briquettes with benzene w 7 as heated 
to 250° C in the presence of a small amount 
of benzene and then subsequently ex- 
tracted with this same solvent in a Soxh- 
let, the yield was 0.47 percent. These 
authors pointed out that the observations 
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in the preceding paper were not true for 
all coals. It was found that a mid-German 
brown coal which gave 11 percent bitumen 
A and 14 percent bitumen B at 250° C 
(total 25 percent) yielded an additional 
8 percent of bitumens after the previously 
extracted coal had been heated to 250° C. 
When the coal residue was heated to 250° C 
in the presence of a little benzene, the yield 
of extract upon atmospheric Soxhlet ex- 
traction was 15 percent. Another brown 
coal (Riebeck Montanwerke) yielded 13.6 
percent extract A and 5.35 percent extract 
B. When the bitumen-A-free coal was 
heated to 250° C and then extracted as 
before, 1.15 percent yield was obtained. 
Heating the same residue to 250° C in the 
presence of a small amount of benzene and 
subsequent extraction in a Soxhlet yielded 
5.35 percent additional bitumen. 

Data have been presented from time to 
time on the effect of dilute acids on the 
yield of extract. Little information is 
available on the conditions of such treat- 
ment, nor are there many data on the 
variations of bitumen C content of dif- 
ferent coals. Several authors 94 have re- 
ported that increases of 60 to 90 percent 
of ethanol-benzene extract were obtained 
after treatment of brown coal with dilute 
hydrochloric acid. Hock and Engelfried 
found that- the temperature of treatment 
(20 to 115° C) was not a factor in increas- 
ing yield. The C bitumens did not soften 
or melt but decomposed, and their volatile 
matter was markedly less in amount than 
that of the A bitumens, wdiereas their acid 
and saponification numbers were much 
greater. An attempt to decompose organic 
salts without removal of the ash with gas- 
eous sulfur dioxide was only partially suc- 
cessful. 

94 Grim, A., and Ulbrich, E., Z. deut. Ol- u. 
Fett.-Ind., 40, 773-5 (1920); Chem. AT)s., 15, 
744 (1921). Hoch, H., and Engelfried, O., 
Braunkohle, 37, 161-5 (1938). 


Yields of extract from so-called synthetic 
coals have been reported, but the amount 
of available data is not sufficient to estab- 
lish any general statements. Ter res 95 has 
reported that sphagnum peat, when heated 
to 280 to 300° C for 20 hours, gave a 
material resembling brown coal which, upon 
extraction, yielded 35 percent of a viscous 
black oil. Bode 96 reported a decrease in 
ethanol : benzene-soluble material when 
brown coal was heated to 300 to 520° C 
under compression to produce varying de- 
grees of coalification. 

Trifonov and Toschev 97 reported the 
effect of pressure (10,000 kilograms per 
square centimeter) on three brown coals, 
a bituminous humus coal, and three low- 
volatile and three high-volatile bituminous 
coals. It was found that a considerable 
reduction of the amount of benzene-soluble 
material (bitumen A) was obtained after 
compression. The authors did not state 
whether or not the compressed material 
was broken up before extraction. If it was 
not broken there is a great possibility that 
material so obtained would be impervious 
to the solvent. Changes were also observed 
and reported in the yield of tar, oils, and 
low-temperature coke, in the state of the 
sulfur content, and in the actual specific 
gravity of the coal and its coke. 

Stadnikoff 98 described a young sapro- 
pelic coal (balchaschite) which, upon suc- 
cessive Soxhlet extraction with benzine, 
benzene, and alcohol, yielded 15.2, 4.1, and 
4.2 percent extract or a total of 23.5 per- 
cent. This coal is indicated by its analysis 
to fall outside the coal band 99 (C 73.76, 

95 Terres, E., Proc. 3rd Intern. Conf. Bitumi- 
nous Coal , 2, 797-808 (1931). 

96 Bode, H., Braunkohle , 36, 87-90 (1937). 

97 Trifonow, I., and Toschev, G., Brennstoff- 
Chem 20, 128 (1939) ; 21, 85-7 (1940). 

9S See p. 123 of ref. 3 and Chapter V of ref. 4. 

99 Stadnikoff, G., and Ealkowskaja, A., Brenn - 
stoff-Chem 16, 381-2 (1935), stated that while 
humus coals consist of bitumens and humus ma- 
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H 10.91, S 1.03, N 0.56, and 0 13.74 per- 
cent respectively). 

Another sapropelite (boghead coal) 98 
higher in rank gave a much lower yield of 
bitumens as a result of polymerization of 
the resin and wax material and through 
the formation of a dehydration product of 
the acids. The unpolymerized chemical 
compounds, according to Stadnikoff, were 
high-molecular-weight, saturated, mono- 
basic acids, and their anhydrides. The 
yields and properties of the A and C bitu- 
mens 100 are given in Table XII. The 


numbers). The presence of free double 
bonds was indicated by the increased iodine 
value. Stadnikoff also believed that the 
lower hydrogen content of the C bitumen 
indicated the presence of substances with 
two and three double bonds. 

The A bitumen of this coal was sepa- 
rated with hot and cold alcohol-benzene 
into four fractions. Further separation was 
made with benzine, benzene, and alcohol. 
The benzine-soluble material contained 
11.3 percent unsaponifiable material with 
a very low iodine number (about 4) and 


TABLE XII 

Comparative Data for Bitumens A and C from Boghead Coal 98 


Bitumen A Bitumen C 




Melt- 

Acid 

Saponifi- Iodine 




Melt- 

Acid 

Saponifi- 

Iodine 



Chachareisky 101 

ing 

Num- 

cation 

Num- 


Hydro- 


ing 

Num- 

cation 

Num- 


Hydro- 

Boghead Coal 

Yield 

Point 

ber 

Number 

ber 

Carbon 

gen 

Yield 

Point 

ber 

Number 

ber 

Carbon 

gen 


percent 

°C 




percent percent 

percent 

°C 




percent percent 

Stratified (1) 

8.3 

70-75 

60 

111 

13.0 

78.3 

12.4 

2.4 

85-90 

. 153 

314 

46.5 

65.9 

7.5 

Compact 

5.7 

69-76 

62 

99 

17.7 

78.1 

12.2 

0.7 

ca. 126 

121 

239 




Stratified (2) 

3.7 

75-80 

56 

87 

12.1 

77.1 

12.0 

4.4 

78-88 

97 

246 

17.2 

66.1 

9.1 

Shale coal 

4.8 

78-80 

56 

104 

21.9 

79.2 

12.0 

1.9 

90-95 

115 

277 

51. 7 

67.9 

8.3 


A bitumens of this coal were reported to 
consist chiefly of a mixture of high-molecu- 
lar-weight unpolymerized fatty acids, as 
was indicated by the low melting point, low 
iodine and saponification values, and high 
hydrogen content of the bitumens. The 
C bitumens were thought to be polymer- 
ized unsaturated fatty acids of average 
molecular weight, indicated by the high 
saponification number. About half of the 
carboxyl of these acids existed as anhydride 
(based on the saponification and acid 

terial, the sapropelic coals are made up of fatty- 
acids and their degradation products. The low 
temperature tar from sapropelic coal contains no 
phenol. 

100 The author did not state (Die Chemie der 
KoTile) with which solvents these bitumens were 
obtained. 

101 Additional data for similar coals, bitumens 
A, B, and C, are given by Stadnikoff, G., and 
Wahner, R., Brennstoff-Chem.j 12, 23-5 (1931). 


no hydroxyl groups. This hydrocarbon 
mixture was crystallized from alcohol yield- 
ing three fractions, two of which on the 
basis of analysis and melting were thought 
to be C 31 H g4 and C 34 H 70 . These hydro- 
carbons made up 1.5 percent of the A 
bitumen. It should again be pointed out 
that analysis of such high-molecular-weight 
material is of questionable value in deter- 
mining empirical formulas, nor can too 
much significance be attached to the melt- 
ing points. 

Bitumen B was obtained from this coal 
in amounts ranging from 1.0 to 3.3 percent 
and melted at 40 to 57° C. The low melt- 
ing point, together with the high hydrogen 
and carbon content of the extract, was be- 
lieved to indicate that this material had 
originated in the degradation of < the C 
bitumen through splitting out of carboxyl 



704 


THE ACTION OF SOLVENTS ON COAL 


groups. 102 The iodine numbers of the B 
and C bitumens were almost identical and 
indicate that only decarboxylations were 
involved in the transformation. 

Sapropelic coal of the Kuznetz basin 103 
upon extraction at atmospheric pressure 
with ethanol, acetone, chloroform, gasoline, 
ether, and benzene yielded a maximum of 
3.8 percent bitumens on a dry, ash-free 
basis. The analysis of this coal indicates 
that it is almost pitchlike in nature. 

Matogan sapropelite, 104 when extracted 
in an autoclave for 6 to 7 hours at 240 to 
250° C with tetralin, yielded IS. 3 percent 
of soluble material based on the weight of 
the coal. The extract contained 11.85 per- 
cent ash and 66.5 percent resins. The wax- 
like part contained acids of low molecular 
weight: acetic, oleic, and valeric, which 
were probably produced in the extraction 
through thermal degradation. High-mo- 
lecular-weight acids were also found, one 
of which was believed to contain 32 carbon 
atoms* 

Solvents other than benzene and etha- 
nol-benzene have been used in the extrac- 
tion of brown coal. 105 Donath 44 used a 

102 Kerenyi, B., Braunkohle , 30, 508-13, 529- 
36 (1931), also pointed out that the low oxygen 
content of brown-coal bitumen B is probably the 
result of a condensation process. 

103 Karavaev, N. M., Fuel , 13, 299-310 (1934). 

104 Rakovskii, E. V., and Mamontova, 0. M., 
KMm. Tverdogo Topliva, 5, 230-4 (1934) ; Chem . 
Abs., 2S, 7481 (1935). 

105 Erdmann, E., and Dolche, M., Die Chemie 

der Braunkohlen, W. Knapp, Halle (Saale), 1927, 
p. US, tabulated the results obtained in the 
atmospheric extraction of a large number of 
brown coals with benzene. For additional work 
on benzene and ethanol-benzene extractions see 
Smith, W., J. Sac. Chem. Jnd 17, 985-8 (1S98). 
Mareusson, Chem. Rev. Fett- u. Harts-Ind 
15, 193-5 (1908) ; Z. angew Chem, ., 40, 1104-6 
(1927). A. Riebeck’sche Montanwerke, Ger. Pats. 
305,349 (1916), 325,165, (1919). Bube, K., 

Jahrb . Halleschen Verbandes Erforschung mittel- 
deutschen Bodenschatze, 2, 229-39 (1920). Schel- 
lenberg, A., Brennstoff-Chem., 1, 73-5 (1920). 
Felleiola, P., Giorn. chim. ind . applicata , 3, 
546-8 (1921); Chem. Abs., 16, 2589 (1922). 
Erdmann, E., Z. angew. Chem., 34, 309-14 


mixture of benzene and acetone, and 
Schneider 54 has shown a mid-German 
brown coal to be 7.6 percent soluble in 
acetone. Reextraction of the residue with 
benzene gave an additional yield of 5.4 
percent of extract or a total yield of 13 
percent. The original coal was 14.2 per- 
cent soluble in benzene; the difference was 
probably due to oxidation on handling. 
References to the use of other organic sol- 
vents and solvent mixtures for brown-coal 
and lignite extraction and hydrogena- 
tion 106 are quite numerous in the litera- 

(1921). Pschorr, R., Pfaff, J. K., and Berndt, 
W., ibid., 34, 334-6 (1921). Meneghini, T>., 
Giorn. chim. ind. applicata, 4, 203-4 (1922) ; 
Chem. Abs., 16, 2589 (1922). Piening, B, 

Braunkohle, 22, 481-4, 505-11 (1923). Tropsch, 
H., Brennstoff-Chem., S, 369-74 (1927). Mailhe, 
A., J. usines gaz, 51, 187-8 (1927) ; Chem. Abs., 
21 , 2548 (1927). Fuchs, W., Brennstoff-Chem., 
11 , 205-8 (1930). Vener, R. A., Khim . Tverdogo 
Topliva, 5, 200-9 (1934) ; Chem. Abs., 29, 31S 
(1935). Kuznetsov, V. I., and Rominskii, I. P., 
Mem. Inst. Chem. Tech. Ulcrain. Acad. Sci. 
U.S.S.R. , No. 1, 13-52 (1936). Kuznetsov, V. I., 
and Trofimovskii, N. S., ibid.. No. 1, 53-9 (1936) ; 
Chem . Abs., 31, 5131-2 (1937). Priman, M., 
Acta Univ. Latviensis, Kim. Falcnltdt. Ser., 3, 
Nos. 5-8, 229-309 (in German 310-14) (1936) ; 
Chem. Abs., 31, 5132 (1937). Voitova, E. V., 
Brennstoff-Chem., 17, 201-3 (1936). Titov, N. 
G., and Fedoseeva, S. F., IOiim. Tverdogo Top- 
liva, S, 793-803 (1937) ; Chem. Abs., 32, 2324 
(1938). Veisel’berg, K. B., and Babenko, E. M., 
Ukrain. Khem. Zhur ., 12, 87-90 (1937) ; Chem. 
Abs., 31, 5132 (1937). 

106 Acetone : Hodurek, R., Oesterr. Chem.-Ztg., 
7, 365-70 (1904). Anthracene oil: Seheit- 
hauer, W., Braunkohle, 3, 97-104 (1904). D’ya- 
kova, M. K., Lozovoi, A. V., Stepantxeva, T. G., 
and Senyavin, S. A., Conipt. rend. acad. sci. 
U.R.S.S. , 20, 6SI-A (193S) (in English) ; Chem. 
Abs., 33, 3561 (1939). Petroleum ether: Roe- 
derer, W. R., Ger. Pat. 640,522 (1930). Soltys, 
A., Monatsh., 53/54,- 175-84, 185-6 (1929). Ben- 
zene-acetone: A. Riebeck’sche Montanwerke, Ger. 
Pat. 325,165 (1919). Benzene-water and tol- 
uene-water insoluble part of fusel oil: A. 
Riebeck’sche Montanwerke, Ger. Pat. 386,435 
(1932). Benzene-methanol: Cropp, J., and 
Knoth, G. f Ger. Pat. 509,813 (1929). High- 
boiling TAR FRACTIONS AND PETROLEUM OIL : 
Rose, H. J., and Hill, W. H., Eng. Pat. 356,239 
(1929). Hydrocarbons, alcohols, ethers, cy- 
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ture, both alone and in the presence of 
catalytic materials, and occasionally even 
inorganic compounds have been used. Sul- 
fur dioxide as the liquid 49 and dissolved in 
acetone 50 have already been mentioned. 
Fischer and Gluud found that even anthra- 
cites were disintegrated to a fine powder 
by sulfur dioxide. Cannel coal, however, 
was only slightly affected; the addition of 
water to the sulfur dioxide solution brought 
about the separation of a heavy oil which, 
upon steam distillation, yielded a yellow oil 

clohexanol, and cyclohexanone : Hamburger, 
S., Ger. Pat. 367,330 (1920). Petroleum ether 

AND ACETONE (AFTER PRELIMINARY TREATMENT OF 

the coal with alkali) : Hamburger, S., Ger. 
Pat. 367,330 (1920). Koederer, W. R., Ger. Pat. 
640,522 (1930). Hydrogenated oils, acid oils, 
and tetralin-cresol mixtures : Gewerkschaft 
Mathias Stinnes, Fr. Pat. 805,840 (1936). 

Methyl alcohol or cyclohexanol : A. Rie- 
beck’scke Montanwerke, Ger. Pat. 583,872 (1937). 
Naphthalene : Kohler, H., Ger. Pat. 204,256 
(1906). Tetralin : Ubaldini, I., and Mariotti, 
A., Atti X° cong. intern, chim.,3, 665-73 (1939) ; 
Chem. Abs., 33, 8960 (1939). Levi, M. G., and 
Winter, H., Brennstoff-Chem., 20, 144-7. Sandor, 
A., Anales asoc. quim. argentina, 20, 51-71 
(1932); Chem. Abs ., 26, 5729 (1932). Sinnes, 
H., Ger. Pat. 411,440 (1922). Tetralin-phe- 
nolic tar fractions : Meyer, H., and Nicoud, K., 
Ger. Pat. 663,391 (1937). Pyridine: P6ter, I., 
Sz6nMs$rleti Kozlerntnyeh, 2, 71-75 (1927) ; 

Chem. Abs., 24, 3627 (1930). Solution of coal 
and hydrogenation of the extracts : Levi, M. 
G., and DeBartholomaesis, E., 3rd. congr. int. 
carbonio. carb., September, 1937, Studi ric. comb., 
6, 259 (1936-7). D’yakova, M. K., Lozovoi, A. 
V., and Kardasevich, V. P., J. Applied Chem. 
( U.S.S.R. ), 12, 545-53 (in French, 554) (1939). 
D’yakova, M. K., and Senyavin, S. A., ibid., 12, 
555-62 (1939) ; Chem. Abs., 33, 8384 (1939). 
Hydrogenated oils, tetralin, etc., mixed with 

PHENOLS, PHENOLIC OILS, TAR FRACTIONS, ETC., 
UNDER A PRESSURE OF HYDROGEN IN THE PRES- 
ENCE of molybdic acid as a catalyst : Gewerk- 
scliaft Mathias Stinnes, Fr. Pat. 797,264 (1936). 
The addition of hydrogenated cyclic hydro- 
carbons, THEIR DERIVATIVES SUCH AS AMINES 
AND SATURATED AMMONIA SOLUTION IN ALCOHOL 

to the extraction solvent (C a H 6 ) : Nast, H., 
Ger. Pat. 541,829 (1928). The addition of suf- 
ficient ACID (H 2 SO 4 ) to NEUTRALIZE THE BASIC 
CONSTITUENTS OF COAL (PREFERABLY LIGNITES) 
AND THE USE OF A WETTING AGENT SUCH AS DI- 
BUTYLNAPHTHALENE SULFONIC ACID : I. G. Far- 
benind. A.-G., Fr. Pat. 811,367 (1937). 


having a faint petroleumlike odor. Len- 
her 107 found that selenium oxychloride 
would extract up to 20 percent of “bitumi- 
nous” materials from coals of higher rank 
than lignite. 

Berl and Schmid 108 studied the effect of 
chloroform, benzene, decalin, and tetralin 
on oil shales. These authors were among 
the first to recognize the superior nature 
of tetralin as a solvent. 109 The extraction 
of German brown coal yielded 7.2 percent 
extract with boiling benzene and 9.6 per- 
cent extract under pressure (about 220° C) . 
The same coal extracted with tetralin gave 
9.3 percent at the boiling point and 18.2 
percent in a pressure extraction. The ex- 
tractions at the boiling point cannot be 
compared since such a great difference 
exists in the two temperatures, but the 
results at 220° C are striking. Note here 
that the partial pressure of hydrogen over 
tetralin has been given by Maillard 110 as 
about 0.79 atmosphere at 220° C and 1.16 
atmospheres at 250° C. These authors 
found that 16.9 percent of Bohemian brown 
coal could be extracted with tetralin at 
the boiling point and 37.4 percent at about 
250° C. This last yield was for a single 
extraction of 5 hours, using 50 grams of 
dried coal and 500 cubic centimeters of 
solvent in an autoclave. All yields were 
calculated to the dry-coal basis. Extrac- 
tion of this same coal at atmospheric pres- 
sure gave a 16.9 percent yield. The tetra- 
lin pressure extract was distilled at 30 mil- 
limeters pressure, 60.6 percent being vola- 
tile below 300° C. The fraction boiling in 

107 Lenher, V., Engineering, 110, 210 (1920) ; 
U. S. Pats. 1,385,081 (1921), 1,445,329 (1923). 

108 Berl, E., and Schmid, W., Brennstoff-Chem., 
7, 49-54, 181 (1926). 

109 Earlier H. Novak had shown that tetralin 
was an excellent solvent both at the boiling point 
and under pressure (above 300° C), Paliva a 
Topeni, 5, No. 2 (1923). 

no MaiUard, A., Ann. combustibles liquides, 9, 
1013-70 (1934), 10, 95-139 (1935). 
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the range 200 to 300° C was divided into 
neutral oils, 88 percent, and alkali-soluble 
acids and phenols, 11.6 percent, of which 
S3 percent could be precipitated with car- 
bon dioxide. 

Further extractions made on Cassel 
brown coal with benzene and tetralin at 
the boiling point and at about 220° C gave 
the following results: 

I. (a) 2.8 percent yield with benzene at at- 

mospheric pressure (4 hours). 

(b) 4.6 percent yield with benzene at 
210° C (2 hours). 

II. (a) 52 percent yield with tetralin at at- 

mospheric pressure (4 separate half- 
hour extractions). 

(6) 12.7 percent yield with tetralin at 
220° C from the extraction of the res- 
idue from 11(a) (2.5 hours). 

( c ) 3.9 percent yield with tetralin at 
220° C from the extraction of the res- 
idue for 11(h) (4 hours). 

After extractions 11(h) and 11(c), the resi- 
due was washed four times with additional 
tetralin. The total extract by this entire 
process (II) was 21.8 percent against 22.2 
percent obtained in two successive extrac- 
tions with tetralin at 220° C (III). 

TABLE XIII 


Acid and Ester Numbers of Tetralin Ex- 
tracts from Cassel Brown Coal 108 




11(6) 

11(c) 

III 

Acid number 

36.6 

53 

61.3 

78.0 

Ester number 

74.0 

75.1 48.2 

148.5 

153.0 


The acid and ester numbers of the vari- 
ous extracts are shown in Table XIII. 
Note the similarity between 1(a) and 11(a) 
and the fact that they both agree with the 
values given earlier for montan wax. The 
high ester number of the last two extrac- 
tions might indicate that a large part of 
the extract consisted of resins. Analyses 
of the products from the pressure tetralin 
extractions are given in Table XIV. Data 
were also presented which indicated that 
the tar obtained in distillation and the 
extract had their origin in the same coal 
constituents. Distillation of the extracted 
coal yielded only a small amount of tar. 
Similar results have been reported else- 
where. 111 The extract from the first and 
second tetralin extractions was found to 
contain 17.3 percent of material insoluble 
in ether and 3.4 percent insoluble in ben- 
zene. Further subdivision of this extract 
was made with petroleum ether, ethyl 
ether, benzene, 20 percent sulfuric acid, 
and 5 percent sodium hydroxide to give 
amorphous powders, resins, waxes, pitch, 
and oils. 

Novak and Hubacek 112 extracted two 
Czechoslovakian brown coals from the 

111 Graefe, E., Die BraunJcoJilenteerindustrie , 
W. Knapp, Halle, 1906, p. 9. Scheithauer, W., 
Die Schwelteere: Hire Gewinnung und Verar'beit- 
ung y O. Spamer, Leipzig, 1911, p. 145. 

112 Novak, H., and Hubacek, J., Paliva a To- 
peni , 9, 1S5-T (1927), 10, 3-9, 22-8, 28-33, 41- 
51 (1928). 


TABLE XIV 


Analysis of Products from Tetralin Extraction of Brown Coal 108 

Percentage Composition Percentage Composition 

on Dry Basis on Dry, Ash-Free Basis 



Ash 

Carbon 

Hydrogen 

Carbon 

Hydrogen Oxygen 

Coal 

9.7 

52.47 

4.63 

58.12 

5.13 

36.75 

Coal residue after two extractions 

14.0 

54.26 

4.38 

51.12 

3.93 

44.95 

Coal residue after three extractions 

15.6 

54.74 

4.41 

50.28 

3.79 

45.96 

Tetralin extract 11(a) and (i b ) 




82.52 

8.81 

8.67 

Tetralin extract 11(c) 




76.10 

6.79 

17.11 
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Karolina and Hedvika seams (both in 
northern Bohemia) with tetralin and ob- 
tained yields of 26 and 24 percent on a 
dry, ash-free basis. Both coals were ex- 
tracted for 8 hours at 300° C. 

These papers are of great importance in 
the field of solvent extraction. In the in- 
troduction of the use of tetralin they have 
served as a nucleus for a considerable num- 
ber of investigations of the extraction of 
bituminous coals with this powerful sol- 
vent. Tetralin alone and mixed with other 
solvents is being used abroad today in the 
large-scale hydrogenation of coal, and in 
this country to a small extent in experi- 
mental installations. The action of tetra- 
lin as a dispersion medium in the hydro- 
genation of coal is threefold: first, it is an 
excellent solvent itself; second, it serves to 
reduce the viscosity of the material to be 
hydrogenated; and third, it serves as a 
“hydrogen carrier.” Since the coal ex- 
tracts commercially obtained abroad with 
such solvents as tetralin and tetralin-phenol 
mixtures are low in ash content, they have 
found use in the aluminum industry as a 
source of electrode carbon. 

A great deal of the work described in the 
previous pages was carried out with ap- 
parent disregard of many factors important 
in solvent extraction. Authors have re- 
ferred vaguely to coal size as small lumps, 
crushed, nut size, etc., or have arbitrarily 
picked a temperature to carry out extrac- 
tions without first investigating the im- 
portant variable of temperature. Extrac- 
tions have often been made in such a short 
period of time that complete removal of 
all soluble material hardly seems possible. 
Soxhlet extractions are often stopped when 
the liquid siphoning is no longer highly 
colored, although it can be shown that some 
material is still being removed even when 
the solvent is apparently colorless. Those 
workers who have used beakers, tin cans, 


or bombs could hardly have reached the 
completeness of extraction attained in a 
Soxhlet, either pressure or atmospheric. 
In this connection it should be pointed out 
that Soxhlet extraction, though theoreti- 
cally perfect, often actually is not, owing 
to channeling of the fresh solvent through 
the material in the thimble. Often non- 
soluble material such as glass or sand is 
admixed with the substances in the thimble 
to prevent this. 

In recent years more attention has been 
paid to the variables of solvent extraction. 
Jostes and Siebert 113 have published one 
of the few papers on brown coal in which 
these important variables are considered. 
These authors investigated the effects of 
time, temperature, and solvent on the yield 
of extract and on the chemical nature of 
the extraction products. The yield of ex- 
tract was found to increase with time, over 
the period studied, but no attempt was 
made analytically to study the data ob- 
tained except to point out that the extrac- 
tion curve was not parabolic. Increases in 
temperature were also found to increase 
the yield up to the highest temperature 
studied (370° C). Present-day knowledge 
of the coal extraction process would indi- 
cate that, at a temperature above this, the 
yield should go through a maximum region 
and then actually decrease with further in- 
creases in temperature. Insufficient data 
were presented to show that the extraction 
of this particular coal would follow such 
a course. The extractions, eleven in num- 
ber, were made in an electrically heated 
bomb which unfortunately had no provi- 
sion for stirring or mixing the contents. 
The coal extracted was an upper Hessian 
brown coal, high in moisture, ash, and 
bitumen content, 114 ground to pass a 900 

113 Jostes, F., and Siebert, K., Oel, KoTile, 
Hr do el, Teer, 14, 777-83 (1938). 

114 Scbeerer, B., Braunkohle, 13, 393-5 (1914). 
Sander, A., Brennstoff-Chem 10, 21-6 (1929). 
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mesh per square centimeter (70 mesh per 
mch) sieve. The analysis of the coal is 
shown in Table XV. The solvent used 
consisted of tetralin in crude cresol ( d = 
1 0345 or d = 1.033). 

TABLE XV 


Percentage Composition of an Upper Hes- 
Brown Coal 113 



Raw 

Air- 

Water- 

Dry, 


Coal 

Dried 

Free 

Ash-Fi 

Water 

57.4 

29.0 



Volatile matter 

20.5 

34.2 

48.2 

71.3 

Fixed carbon 

8.3 

13.8 

19.4 

28.7 

Ash 

13.8 

23.0 

32.4 


Carbon 


32.5 

45.8 

67.8 

Hydrogen 


2.7 

3.8 

5.6 

Nitrogen + oxygen 


12.2 

17.2 

25.5 

Sulfur 


0.426 

0.6 

0.9 


The various runs were made by charging 
20 grams of the air-dried coal and 100 
grams of the solvent mixture into the 
bomb, which was subsequently heated to 
the desired temperature. The heating time 
necessary to reach the reported tempera- 
ture was about 50 to 80 minutes. This 
period of time is not included in the ex- 
traction time given in the table. The ma- 
terial removed from the bomb was centri- 


fuged at 2,500 to 3,000 rpm for 20 minutes 
to separate the extract and residue. The 
residue was washed once with fresh solvent 
and three times with acetone, the washings 
were combined with the first material (ex- 
tract) removed in the centrifuging, and the 
solvent was distilled off, leaving the dry 
extract. The experimental conditions and 
results are shown in Table XVI. Several 
things in this table and in the original 
article are of interest: 

1. A solvent balance was given which in- 
dicated that an average of 94 percent of 
the original material was recovered. 

2. The extract yields given in the sixth 
and seventh columns were calculated by 
the method of Parr and Hadley 115 as the 
difference between the moisture-free weight 
(14.2 grams) of coal and the dried residue, 
or, in other words, on the basis of the 
residue. 

3. The percent yields were reported on 
the basis of the dry, ash-free coal. 

4. The average difference between the 
yield calculated on the basis of the residue 

ns Parr, S. W., and Hadley, H. F., J. Soc. 
Chem. Ind., 34, 213 (1915) ; Fuel , 4, 31-8, 49-55, 
111-8 (1925). 


TABLE XVI 

Conditions of Extraction and Yield of Extract from Hessian Brown Coal 113 


Experi- 

Extrac- 

Time 

Tetralin 






ment 

tion Tem- 

of Ex- 

Content 


Extract, 

Extract, 

Number 

perature 

traction 

of Solvent 

Besidue 

Calculated 

Obtained 


°C 

hours 

percent 

grams 

grams 

percent 

grams 

percent 

1 

275 

1 

10 

8.88 

5.32 

55.4 

5.37 

56.0 

2 

300 

1 

0 

8.28 

5.92 

61.7 

6.01 

62.6 

3 

300 

1 

10 

8.30 

5.90 

61.5 

5.96 

62.1 

4 

300 

1 

20 

8.31 

5.89 

61.4 

5.97 

62.2 

5 

300 

1 

30 

8.28 

5.92 

61.7 

6.01 

62.6 

c 

325 

1 

10 

7.80 

6.40 

66.7 

6.50 . 

67.7 

7 

350 

1 

10 

6.62 

7.58 

79.0 

7.70 

80.2 

8 

350 

3 

10 

6.00 

8.20 

85.5 

8.35 

87.0 

9 

350 

6 

10 

5.53 

8.67 

90.4 

8.84 

92.2 

10 

350 

9 

10 

5.46 

8.74 

91.0 

8.95 

93.2 

11 

370 

1 

10 

5.99 

8.21 

85.5 

8 41 

87.5 
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and on the basis of the original coal was 
about 1.6 percent. 

The influence of temperature on yield 
(experiments 1, 3, 6, 7, and 11) is shown 
in Fig. 1. The curve as drawn indicates 
that there might be a maximum in the 
neighborhood of 400° C. Although insuf- 
ficient data were presented to indicate this, 
such a maximum would be in agreement 



Temperature, °C 

Fig. 1. Influence of extraction temperature 
on yield of extract with tetralin-cresol mixture 
as solvent ; time of extraction, 1 hour. 113 

with the findings of Pott, Broche, 116 and 
others who have carried out similar ex- 
tractions. Pott, Broche, et al. showed that 
for each coal there was a definite tempera- 
ture of extraction where a maximum yield 
of extract was obtained. Above this tem- 
perature, a decrease in the amount of 
soluble material obtained was observed. 
This optimum temperature, according to 
Pott, Broche, et al., was just below the de- 
composition temperature of the residue. 
Hence, if a maximum yield is to be ob- 
tained the extraction must be carried out 
in stages in which the residue from each 
extraction is reextracted at a higher tem- 
perature with fresh solvent since the de- 
composition temperature of the residue 
increases, to some constant value, upon 
successive extractions. 

lie Pott, A., Broche, H., Nedelmann, H., 
Schmitz, H., and Scheer, W., Gluchauf, 69, 903- 
12 (1933) ; Fuel , 13, 91-5, 125-8, 154-7 (1934). 


OF BROWN COAL 

It was pointed out 113 that the extrac- 
tion process involves not only a physical 
solution of material but also a chemical 
decomposition or depolymerization of the 
coal substance. Reference was also made 
to the possibility of chemical combination 
between the solvent and coal substance. 
The amount of depolymerization was be- 
lieved to decrease with cooling and to in- 
crease with increases in temperature so 
that at each temperature an equilibrium 
was established between polymerization 
and depolymerization processes. In addi- 
tion to the possibility of repolymerization 
upon cooling, which was not experimen- 
tally confirmed, a definite tendency was ob- 
served for the extracts to repolymerize in 



123456789 
Time in Hours 

Fig. 2. Influence of extraction time on yield 
of extract with tetralin as solvent at 350° C. 113 

the presence of light, forming insoluble 
material. 

The effect of time of extraction as indi- 
cated by experiments 7, 8, 9, and 10 is 
shown in Fig. 2 and in Table XVI. The 
extraction process was divided by Jostes 
and Siebert into four different steps: (1) 
the penetration of the solvent into the coal 
particles; (2) the loosening up of the 
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molecular bindings of the coal substance; 
(3) the depolymerization of larger molecu- 
lar aggregations; and (4) the diffusion of 
the bitumens from the coal into the solvent. 

Earlier, Keppeler and Borchers 117 had 
reported that the extraction curve, as a 
result of the process being one of diffusion, 
took the shape of a parabola. Peters and 
Cremer 118 also pointed out that the ex- 
traction of ju-coal with benzene and tri- 
chloroethylene followed a parabolalike 
course for a while. It was found, by these 
authors, that the amount of extract de- 
clined as ¥ 2 , %,%•*• 1/n when the ex- 
traction time was lengthened 2, 3, 4 • ■ • 
n times, so that the extraction velocity was 
a hyperbolic function of time according to 

the formula — = — , in which dE is the 
dt t 

amount of bitumen extracted in the time 
dt and K is a constant. 

On the basis of the foregoing experi- 
ments, Jostes and Siebert calculated the 
constants K and c (equation of parabola, 
E 2 = ct) given in Table XVII. From these 

TABLE XVII 


Effect of Time on Extraction Yields at 
350° C 113 


Experiment number 

7 

8 

9 

10 

Time in hours 

1 

3 

6 

9 

Yield in percentage, E 

c - — 

79.0 

85.5 

90.4 

91.0 

6,241 

2,437 

1,362 

920 

dE 

— - , grams per hour 

Git, 

79 

3.25 

1.63 

0.2 

f dE \ 

— £ l 

79 

9.75 

9.80 

1.80 

\dt / 


data and Fig. 2 it can be seen that the 
extraction curve is not parabolic. If the 
ideal extraction curve is parabolic, 119 then 

in Keppeler, G., and Borchers, H., Brennstoff- 
Ghem 15, 241-5, 404-5 (1934). 

118 Peters, K., and Cremer, W., Angew. Chem., 
47, 576-8 (1934), 

ns Tammann, G., Z . anorg. allgem . Chem., 111 , 
78-89 (1920). Keppeler, G., and Thomas, M., 


deviations indicate that the coal substance 
contains materials which either have dif- 
ferent solubilities or differ in rate of de- 
polymerization. There can be no doubt 
that brown coals contain considerable 
amounts of substances which occur merely 
as occluded material. The removal of these 
easily soluble bitumens by extraction in a 
Soxhlet with a low-boiling solvent before 
the pressure extraction should materially 
influence the shape of the curve in Fig. 2. 

The extractions carried out with solvents 
in which the tetralin content ranged from 
0 to 30 percent (300° C runs 2, 3, 4, and 
5) gave identical yields. Hence, the sol- 
vent power of the mixture would seem to 
lie entirely in the cresol. It is interesting 
to note with respect to these experiments 
that, whereas the hydrogen balances remain 
about the same for runs 2 to 5, the per- 
centage of hydrogen in the extract increased 
with increased tetralin content of the sol- 
vent. This increase appears to take place 
at the expense of the hydrogen in the resi- 
due. The opinion has been expressed that' 
the tetralin serves not only to reduce the 
viscosity 120 of the coal solution but also 
to stabilize unsaturated fragments of the 
coal substance. 

To point out the influence of experi- 
mental conditions, analytical data for car- 
bon, hydrogen, and ash in the extract and 
residue were reported. The following gen- 
eral statements can be made: 

1. The ash content of the extract varied 
from 5.1 to 6.1 percent. Though the ques- 
tion of inadequate separation by centrifug- 
ing was raised, it was thought to be offset 
by the fact that the ash content increased 
with the temperature of extraction and that 
the extract solution after centrifuging ap- 
peared to be homogeneous. The possibility 

Glastech. Ber., 11 , 205-8 (1933) ; CJiem. Ads., 
27, 5497 (1933). 

120 Piatti, L., Angew . Ghent., 47, 732-3 (1934). 



711 


THE EXTRACTION 

of colloidal suspension was not investigated. 
At any rate, only 6 to 11 percent of the 
ash of the original coal appeared in the 
extract, 89 to 94 percent remaining in the 
residue. The possibility of a reaction be- 
tween the cresol and the ash was men- 
tioned. 

2. The carbon content of the ash-free 
extract ranged from 73.3 to 77.2 percent 
and exceeded that of the dry, ash-free coal 
by an average of 7.5 percent. 

3. The hydrogen content of the extract 
averaged 0.65 percent above that of the 
dry, ash-free coal and tended to decrease 
with increasing temperature from 6.7 to 
5.9 percent. 

4. The ash content of the residue in- 
creased with temperature from 48.9 
(275° C) to 68.3 percent (370° C). In- 
creasing the extraction time from 1 to 9 
hours increased the ash content of the 
residue from 62.5 to 74.5 percent. 

5. The carbon content of the ash-con- 
taining residue ranged from 29.6 to 10.6 
percent and decreased with increasing tem- 
perature and time of extraction, as did the 
carbon content on a dry, ash-free basis 
(58.0 to 41.7 percent). 

6. The hydrogen content of the ash- 
containing residue (2.16 to 1.05 percent) 
decreased with increasing temperature, 
time of extraction, and increasing tetralin 
content of the solvent. On an ash-free 
basis (4.66 to 4.04 percent), however, a 
change with temperature alone was not 
evident except that there was a sudden 
jump at 350° C, which was about 0.21 per- 
cent higher than the value at higher and 
lower temperatures. 

7. The amount of volatile matter in the 
residue decreased with increasing tempera- 
ture and time of extraction. Between 275 
and 370° C it fell from 48.6 to 26.2 percent 
and at 350° C from 33.3 (1 hour) to 19.7 
percent (9 hours). The residue from the 


OF BROWN COAL 

volatile-matter determinations was princi- 
pally ash and contained only about 3 to 4 
percent carbon. On a' dry basis the orig- 
inal coal contained 48.2 percent volatile 
matter. 

A second paper by these authors 121 
dealt with the possibility of using brown- 
coal extracts as a solid fuel for internal- 
combustion engines. 

The effect of the particle size of coal 
which is to be extracted has received little 
notice in studies of the lower-rank coals. 
Pertierra 122 reported that, in the extrac- 
tion of a lignite (Gualdo Catanes) with 
anthracene oil, grinding the fuel smaller 
than 200 mesh had little advantage over 
60 mesh. However, the experimental con- 
ditions were rather rigorous. It was found 
possible to attain almost complete solution 
of the lignite in the solvent mentioned at 
375° C, which would probably be above 
the decomposition temperature of the lig- 
nite. Hydrogenation of the lignite solution 
for 2 hours at 200 atmospheres in the 
presence of a molybdenum oxide catalyst 
converted all the organic matter to prod- 
ucts which were soluble in ethyl ether and 
chloroform. Part of the charge (11.5 per- 
cent) w r as converted to gas. 

Earlier reference has been made to the 
method of Bone and coworkers. Some 
further work by these authors 35 » 123 on 
brown coals and lignites is summarized in 
Table XVIII. The data are for extractions 
carried out, as before, on coal ground to 
pass a 20- and retained on a 40-mesh screen 
in a pressure extractor 123 working on the 
Soxhlet principle. The extractions were 
made with benzene in stages, each of five 

121 Jostes, F., and Siebert, K., Oel, KoJile 3 
Erdoelj Teer } 14, 799-S02 (1938). 

122 Pertierra, J. M., Anales soc. espan . Jis. 

qulm 31, 779-809 (1933) ; Ghem. AJ)S 2S, 

2873 (1934). 

123 Bone, W. A., Pearson, A. K., and Quaren- 
don, R., Proc. Roy. Soc. (London), 105A, 608-25 
(1924). 
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TABLE XVIII 

Results from the Pressure Soxhlet Extraction of Brown Coals and Lignites 35 ’ 123 

Yield of Fractions in Percentage 


Coal 

I (a) 

1(6) 

II 

III' 

III 

IV' 

Morwell brown coal 


3.5 

1.5 

1.0 


9.0 

Rhenish brown coal (1) 

0.7 

2.5 

0.6 

0.4 


1.4 

Rhenish brown coal (2) 

1.0 

2.5 

0.8 

2.0 


3.2 

Saxon brown coal (1) 

1.1 

4.4 

1.8 

1.8 


2.6 

Saxon brown coal (2) 

0.4 

3.3 

2.3 

trace 


1.5 

Estevan brown lignite 


1.65 

0.3 

0.3 


2.25 

Burmese lignite 

0.1 

1.6 

1.4 

3.45 

0.15 

4.0 


Canadian lignites 


Cardiff 1.5 

Rose Deer 2.2 

Pembrina 1 . 5 

Harlech 1 . 3 


New Zealand 

Kaitangata (subbituminous) 2.9 

to six days’ duration at temperatures of 
240, 260, and 285° C. The coal was given 
a preliminary atmospheric benzene extrac- 
tion to remove montan wax. Yields are 
based on the dry, ash-free coal. The gen- 
eral properties of the fractions were given 
by Bone and Himus 124 as: 

I. A yellowish-brown, viscous, and usually 
non-nitrogeneous neutral oil of vaseline-like 
consistency, with a carbon-to-hydrogen ratio 
less than 10 and low oxygen content. It is 
soluble in petroleum ether and has an ali- 
phatic constitution. It may be further re- 
solved by steam distillation into (a) and (5) 
subfractions, the former being volatile and 
the other not. The 1(h) portion may be re- 
garded as containing the true neutral oils of 
the original coal. 

II. A reddish-brown solid with softening 
point below 60° C and a carbon-to-hydrogen 
ratio of about 13. It is soluble in a mixture 
of 4 parts petroleum ether and 1 part ben- 
zene, but insoluble in 10 percent sodium car- 
bonate or sodium hydroxide solution. Its 
chemical character is not so well defined as 
that of the other fractions. 

124 Bone, W. A., and Himus, G. W., Coal, Its 
Constitution and Uses, Longmans, Green, and 
Co., London, New York, Toronto, 1936, 631 pp. 


1.1 

0.35 

0.15 

0.7 

0.75 

0.20 

1.5 

0.60 

0.30 

1.3 

1.20 

0.50 

1.7 

2.4 

1.2 


III. A non-nitrogeneous, reddish-brown, 
brittle, resinous solid softening usually below 
150° C and with a carbon-to-hydrogen ratio 
of about 12.5 and higher oxygen content than 
I from the same coal. It is insoluble in a 
mixture of 10 parts of petroleum ether with 
1 part benzene, but soluble in ethyl alcohol 
and in 10 percent sodium hydroxide but not 
sodium carbonate solution. 

IV. A neutral, amorphous, cinnamon-brown, 
nitrogenous powder, softening only at tem- 
peratures above 150° C (usually between 150 
and 250° C) and undoubtedly of a benzenoid 
nature, its carbon-to-hydrogen ratio being 
about 15.0. It is insoluble in both petroleum 
ether and ethyl alcohol, and in 10 percent 
sodium hydroxide solution. 

Bone and Himus stated that it was not 
possible to lay down any hard and fast 
rules concerning the composition of the 
various fractions. However, the oxygen 
contents of corresponding fractions tended 
to increase with those of the coals from 
which they were derived. With a given 
coal the oxygen content of fraction I was 
the lowest and that of fraction III usually 
the highest of the four fractions. Frac- 
tions I and III were usually, though not 
invariably, free from sulfur. Fraction I, 
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from only 1 coal, and fraction III, from 
only 8 coals, of 31 coals extracted in the 
Imperial College Laboratories, contained 
some nitrogen. Fraction IV almost in- 
variably contained substantial amounts of 
both nitrogen and sulfur. Indeed, the evi- 
dence as a whole showed that each of 
fractions I, III, and IV was substantially 
homogeneous in the sense of being mainly 
composed of bodies of similar chemical 
type. The homogeneity of fraction II was 
questioned. 

Extraction of earthy brown coals of the 
Morwell type (Morwell deposit in Vic- 
toria, Australia) yielded fractions I and II 
which resembled corresponding bituminous- 
coal fractions but fractions III and IV were 
missing, their place being taken by neutral 
phenolic esters (III') and acidic phenolic 
bodies (IV'). The special fractionation 
carried out for these lower-rank coals con- 
sisted in successively extracting the benzene 
solution of extract with (a) 10 percent 
hydrochloric acid to remove any small 
quantity of organic bases, and {b) a series 
of three 10 percent aqueous alkaline (so- 
dium bicarbonate, carbonate, and hydrox- 
ide) solutions, after which the remaining 
neutral bodies were resolved into fractions 
I and II in the usual way. During the 
extraction of the benzene solution with 
alkali a small amount of tarlike material 
was likely to precipitate. There was some 
evidence, though not conclusive, that these 
“tarry” bodies were formed by polymeri- 
zation, in the alkaline solution, of the 
phenolic material (IV'). 

The alkali-soluble fraction of the brown- 
coal extracts was about 60 percent phenol 
and 25 percent p-cresol together with a 
small amount of catechol and other higher 
phenolic materials. A very small amount 
of basic material soluble in dilute hydro- 
chloric acid was found. After removal of 
the foregoing materials the remaining neu- 
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tral material was separated into fractions, 
two of which, as already noted, resembled 
fractions I and II of bituminous coal. A 
third fraction was composed of saponifiable 
phenolic esters (III'). Fraction 1(a) con- 
tained hydrocarbons from which, in Mor- 
well brown coal, it was possible to isolate 
small amounts of diphenyl and mesitylene. 

No evidence was found that the phenolic 
bodies were present in brown coals in the 
free state; on the contrary, it was sus- 
pected that they were “'present in some 
loose molecular association with the main 
coal substance.” On the other hand, there 
was much presumptive evidence for the 
view that the origin of the fractions III 
and IV of subbituminous and bituminous 
coals lay in the phenolic material of III' 
and IV'. Bone believed that fractions III 
and IV wnre responsible for the coking 
properties in bituminous coals. 

If the maturing of coals involves the 
production of fractions III and IV from 
III' and IV', then one would expect that 
an “intermediate” type of coal would exist 
in which these four fractions would coexist. 
Such a situation was found in a black, non- 
laminated lignite from Nam Ma, Shan 
States, Burma. The amounts of the vari- 
ous fractions are given in Table XVIII. 
The Canadian lignites examined contained 
no phenolic material, nor was there any 
evidence of loss of gas or water during the 
extraction period as there was for the 
brown coals. 

Oxidation of the residues of Morwell 
browm coal, Estevan brown lignite, and a 
Durham coking coal, “Busty,” 125 > 126 with 
alkaline permanganate yielded, in addition 
to carbon dioxide, acetic acid, oxalic acid, 

125 Bone, W. A., and Quarendon, R., Proc. Roy. 

Soc. (London), A110, 537-42 (1926). Bone, 

W. A., J. Roy. Soc. Arts , 79, 77-95 (1930) ; 
J. Soc. Chem. Ind 50, 407-16 (1931). 

126 See p. 181 of ref. 124. 



714 


THE ACTION OF SOLVENTS ON COAL 


and succinic acid, most of the benzene- 
carboxylic acids from phthalic acid to mel- 
litic acid (see Chapter 9). 

The residue obtained in the benzene 
pressure extraction of a coal always had a 
higher carbon-to-hydrogen ratio than the 
original coal, and moreover this ratio was 
strongly suggestive of benzenoid structure. 
Data published by Bone are given in 
Table XIX. The average ratio for these 

TABLE XIX 


Carbon-to-Hydrogen Ratios for Various 
Coals and Coal Residues 126 



Carbon-to-Hydrogen 


Ratio 

Coal 

Original Coal 

Residue 

Irish peat 

10.8 

17.2 

Morwell brown coal 

13-15 

10.2 

Rhenish brown coal 

14.0 

16.7 


13.7 

18.2 

Saxon brown coal 

13.0 

17.0 


12.8 

15.7 

Estevan brown lignite 

15.7 

19.6 

Alberta Bloch lignite 

S. African (Witbank) 

17.3 

20.3 

bituminous 

18.2 

22.2 

Dalton Main bright 

15.5 

16.7 

Dalton Main dull 

16.6 

17.6 

Durham “Busty” 

17.5 

19.5 


coals corresponds to a structure contain- 
ing on the average less hydrogen than ben- 
zene (for which the carbon-to-hydrogen 
ratio is 12.0) and corresponds to the em- 
pirical formula C 6 H 4 . 

Relatively little other work has been 
done on the nature of the residue from ex- 
tractions. Stadnikoff 127 defined the resi- 
due “Restkohle” as coal freed of bitumens 
A and C and humic acids which, for sapro- 
pelic coals, was reported to consist of a 
mixture of the polymerization products of 
unsaturated fatty acids, acid anhydrides, 
and hydroxy acid lactones. These acids 

127 See p. 169 of ref. 3. 


were aliphatic in nature and contained 10 
to 16 carbon atoms. 128 

One of the most useful tools of the 
organic chemist for separating complicated 
compounds has been known for more than 
30 years yet has been almost completely 
ignored by coal chemists. The presence of 
materials unstable toward heat in coal ex- 
tracts has been repeatedly indicated, yet 
the brutal tactics of distillation are often 
relied upon to separate these materials. 
This thermal instability and the fact that 
coal extracts are generally fluorescent 
should suggest a milder form of attack, 
namely, chromatographic absorption meth- 
ods. Apparently only two accounts of re- 
search along these lines have been pub- 
lished. One of these is due to Zechmeister 
and Frehden. 129 In the work of these au- 
thors, a light petroleum ether extract of 
lignite (Varpalota, Hungary) was drawn 
through a calcium hydroxide column. The 
bands formed were especially noticeable 
under a quartz lamp. After the upper half 
of the column had been eluted with alcohol- 
light petroleum ether mixtures, the liquid 
was kept at 0° C. From this solution water- 
soluble needles or prisms crystallized. This 
material, a potassium salt, was a powerful 
reducing agent which apparently belonged 
to the ascorbic-reducing acid, reductone 
group. When the filtrate of the above salt 
was repeatedly chromatographed, a second, 
well-crystallized but water-insoluble com- 
pound was obtained. This material gave 
the usual sterol reactions and seemed to 
belong to the triterpene class. It decom- 

12 S Stadnikoff, G., and Wosschinskaja, Z., 
Brennstoff-Chem 10, 81-2 (1929), 11, 414-6 
(1930). Stadnikoff, G., and Weizmann, A., ibid., 
10, 61-3, 401-3 (1929). Stadnikoff, G., ibid., 10, 
417-9 (1929). Stadnikoff, G., Die Enstehung von 
Kohle und Erdol , F. Enke, Stuttgart, 1930, Chap. 
IV. Stadnikoff, G., and Egorova, 0., Brennstoff- 
Chem., 17, 48-9 (1936). 

129 Zechmeister, X»., and Frehden, O., Nature, 
144, 331 (1939) ; Chem. Abs 33, 8384 (1939). 
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posed at 244 to 247° C, was levorotatory, 
and had a molecular weight close to 400 
(in camphor). 

In the second paper, 130 a pyridine ex- 
tract from coal from the Voroshilov mine 
in the Donets basin was reported on. The 
extractions, which were carried out at 180 
atmospheres pressure for 6 hours, gave a 
yield of 30 percent based on the original 
coal. Solubility of the extract was 10 per- 
cent in ethyl alcohol, 30 percent in ben- 
zene, and 45 percent in ethyl ether, chloro- 
form, and petroleum ether. Chemical 
analysis showed 1.13 percent acids and 
phenols and 4.67 percent bases. The acid 
and neutral part contained 17 and 22 per- 
cent unsaturated compounds, respectively. 
For the chromatographic analysis, alumi- 
num oxide was used as the adsorbent — a 
material particularly suited for the adsorp- 
tion of acidic compounds. No data are 
available on the success of this work. 

Another possibility of separation of the 
complex mixture of compounds found in 
coal extracts might lie in the so-called 
liquid-liquid extraction methods. The dif- 
ficulty here, probably greater than finding 
a suitable adsorbent as in chromatographic 
adsorption work, is to find satisfactory sol- 
vent pairs. A few trial runs have been 
made in the Coal Research Laboratory at 
the Carnegie Institute of Technology with 
a small experimental set-up. The solvents 
tried were phenol and pentane, and the 
extract used was obtained in the benzene 
pressure Soxhlet extraction of a Pittsburgh 
Seam coal. The results were unsatisfac- 
tory, apparently as a result of a poor 
choice of solvents, but the method itself 
is promising and it is hoped that it may 
receive further study. 

130 Urazovskii, S. S., and Rozum, Yu. S., 
Ukram. Khem. Zhur ., 12, 525-35 (1937) ; Chem. 
Abs., 32, 4751 (1938). 


The Extraction of Bituminous Coal 

Reference has been made from time to 
time to the fact that the yield of extract 
obtained by a given process does not ap- 
pear to be. related to the rank of the coal 
from which it was obtained. At one point 
in the eoalification process, however, a 
noticeable change takes place both in the 
nature and in the amount of the extract. 
Whereas the lower-rank coals yield, in gen- 
eral, a considerable amount of extract with 
low-boiling solvents such as benzene, alco- 
hol, ether, and petroleum ether, the yield 
of extract from bituminous coals with 
these same solvents is considerably less. 
This is a general statement, and exceptions 
will be found. The role played by the 
waxes and resins, obtainable to a consider- 
able extent in the lower-rank coals, in the 
transformation to bituminous coals is not 
clear. There can be little doubt that a 
marked difference exists in the chemical 
nature of the extract from these sources. 
From the bituminous coals, aliphatic com- 
pounds isolated are hydrocarbons and not 
acids, alcohols, esters, carbohydrates, etc., 
as from peat, brown coal, and lignite. Po- 
tonie 131 explained the difference in these 
bitumens as resulting from a difference in 
the flora from which each was formed. 
The possibility exists, too, that such 
changes in the nature of the extracts may 
be the result of bacterial action governed 
by base-exchange mechanisms such as pos- 
tulated by Taylor. 132 Other authors 138 
have pointed out the possibility of hydro- 
carbon formation by: (1) the hydrolysis 

131 PotoniS, H., Die Entstehung der SteinJcohle 
und der KaustoMolithe uberhaupt, Gebriider 
Borntrager, Berlin, 1910, 225 pp. 

132 Taylor, E. McK., Fuel , 5, 195-202 (1926), 
6, 359-67 (1927), 7, 66-71, 127-8, 129-30, 130-4, 
227-8, 228-9, 230-8 (1928) ; J. Inst. Petroleum 
Tech., 15, 372-84 (1929). 

133 Winter, H., GliicTcauf, 65, 1405-9 (1929) *, 
see also p. 171 of ref. 8. 
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of waxes; (2) splitting of carbon dioxide 
from the resulting acids; (3) splitting out 
of methane to yield unsaturated hydro- 
carbons; and (4) the polymerization of 
these unsaturated products to yield cyclic 
compounds. Though all these steps can 
be carried out in the laboratory, the tem- 
peratures necessary (particularly for the 
elimination of methane) are higher than 
those reached in the coalification process. 
However, it should only be necessary to 
point out that at lower temperatures a 
longer time would be required than is per- 
missible in laboratory experiments. Mar- 
cusson 134 has suggested that bituminous 
coals consist of two forms of polymerized 
material, one resulting from the resins, fats, 
and waxes, and the other formed from the 
original cellulose. The products were 
thought to be asphalt-like materials and 
furane derivatives. This concept leaves no 
room for the fairly well-proved theory that 
the larger part of the coal mass is benze- 
noid in structure. 

Lack of comparable data renders difficult 
the task of showing a transition between 
lignites and bituminous coals. The pres- 
ence of phenolic material in the presence 
of fractions III and IV as shown by Bone 
et al. may indicate such a transformation. 
Similar findings in the coals of the Collie 
Field of western Australia have been re- 
ported by Kent. 135 Three of the coals 
studied, Cooperative, Proprietary, and 
Stockton, were classed as subbituminous, 
and two others, Griffin and Cardiff, were 
subbituminous coals approaching lignites 
in composition. These coals were lower in 
hydrogen than would be expected from 

134 Marcusson, X, Chem.-Ztg ., 42, 437-9 

(1918), 44, 43-4 (1920) ; Z. angevo. Chem 31, 
237-8 (1918). 

135 Kent, C. R., Proe. Roy. Soc. (London), 
A 163, 568-74 (1937) ; Australian Chem. Inst. J. 
d Proc 6, 127-38, 162-9, 207-23 (1939) ; Chem. 
Ahs., 33, 6557, 7989 (1939). 


their classification. Two samples of the 
Griffin coal were studied, the second of 
which was thought to be most representa- 
tive of the seam. 

Extractions of the six coals were carried 
out in Soxhlets at atmospheric pressure on 
dry, 100-mesh samples first with benzene 
and then with ethanol-benzene. The aver- 
age extraction time with benzene was 40 
hours, and the average subsequent extrac- 
tion time with ethanol-benzene was 60 
hours. The yields of extract obtained cal- 
culated on a dry, ash-free basis are given 
in Table XX. 

TABLE XX 

Percent Yield of Extract in Soxhlet Ex- 
traction 135 


Coal 



Cooper- 

Pro- 

Stock- 

Griffin Griffin 



ative prietary 

ton 

No. 1 

No. 2 Cardiff 

Benzene-soluble 

Alcohol-benzene- 

0.2 

0.2 

0.1 

0.8 

0.5 

0.5 

soluble 

1.0 

1.2 

0.9 

2.6 

1.7 

1.9 

Totals 

1.2 

1.4 

1.0 

3.4 

2.2 

2.4 


Further extractions were made on Pro- 
prietary, Griffin No. 2, and Cardiff coals 
ground to 20-40 mesh with ethanol-benzene 
for 100 hours. The yields were 1.46, 2.40, 
and 2.67 percent, respectively. The dried 
extract was then fractionated with alcohol- 
benzene, petroleum (60 to 80° C), and hot 
and cold benzene, yielding the following 
materials : 

A. Insoluble in the petroleum fraction 
but soluble in alcohol-benzene: dark brown 
to black, brittle, resinlike material. 

B. Soluble in hot petroleum ether but 
insoluble in cold benzene : practically white 
powder which melted to form a hard, 
brown, brittle wax. This fraction was miss- 
ing in the Proprietary coal. 

C. Soluble in petroleum ether and cold 
benzene: soft, dark brown substance of 
vaselinelike consistency with a dull appear- 
ance. 
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The extract from the Proprietary coal 
was a somewhat harder, clear brown sub- 
stance. Material similar to extract C was 
obtained by Himus 136 in the atmospheric 
extraction of black lignites, who also 
showed that it could be further subdivided 
into: (1) a substance resembling montan 
wax; (2) steam-volatile oils similar to 
Bone's fraction 1(a); and (3) residual 
vaselinelike bodies. 

Pressure extractions were made on the 
residue of Griffin No. 2 coal after atmos- 
pheric ethanol-benzene extraction, by the 
method of Bone et al. 137 The separation 
scheme was that used for the higher-rank 
coals. During the separation of fractions 
1(a) from 1(6) and II by steam distilla- 
tion, a small quantity (0.04 percent) of 
water-soluble phenolic bodies was isolated. 
Fractions 1(a) and III were found to be 
partially soluble in 10 percent potassium 
hydroxide solution; fractions .1(6) and II 
showed a very slight solubility Fraction 
IV was insoluble. Similar evidence of 
acidic properties in those fractions was re- 
ported by Himus 136 in his examination of 
extracts obtained from black lignites. 

In Bone’s procedure for the fractionation 
of the benzene pressure extract of lower- 
rank coals, the phenolic and acidic bodies 
were removed before separation into frac- 
tions I and II. It seems strange that this 
procedure was not followed here. The 
phenolic and acidic materials indicated 
would have constituted fractions IIP and 
IV' of Bone, and, hence, since III and 
IV were reported present, this coal would 
fit in as an “intermediate” (Bone) type of 
coal. However, the amounts of fraction 
III and IV reported by Kent are much 

136 Himus, G. W., Pb.D. thesis, University of 
London, 1933. 

137 This work was carried out at the Fuel 
Technology Laboratories of the Imperial College 
of Science and Technology, London, under the 
direction of W. A. Bone. 


smaller than the corresponding material 
from Burmese lignite. The amounts of 
fractions 1(a), 1(6), II, III, and IV found 
were 0.84, 1.53, 1.69, 2.48, and 0.96 percent, 
respectively. 

On the basis of the description of the 
products and their analysis, a few general 
trends were noticeable with rank. The at- 
mospheric-benzene-extract of the Proprie- 
tary coal contained no montan wax (ex- 
tract B) ; while the resinlike extract A and 
the soft, cold-benzene-soluble extract C had 
a higher carbon-to-hydrogen ratio than cor- 
responding materials from the Griffin 1 
and 2 and Cardiff coals. Moreover, extract 
C from the Proprietary coal was distinctly 
different in appearance from the Griffin 
and Cardiff coals. Corresponding extract 
fractions from the Griffin and Cardiff coals 
were similar in appearance, analysis, and 
carbon-to-hydrogen ratio. The presence 
of montan wax in the extracts of Griffin 
and Cardiff coals is typical of lignite ex- 
tracts, although the amounts found w T ere 
small, which was consistent with their 
semilignitic nature. Griffin No. 1 gave a 
greater yield than No. 2, which was be- 
lieved to be due to a greater spore content 
of the No. 1. 

The results of benzene pressure extrac- 
tion of the Griffin No. 2 coal were in agree- 
ment with the results of Bone, Horton, and 
Tei 35 obtained in the extraction of Cana- 
dian lignites. Although the yields differed, 
the extracts were similar in chemical com- 
position and analysis. The Canadian lig- 
nites vrere also low in hydrogen content. 
According to the findings of Bone, in subbi- 
tuminous coals the yields of fractions III 
and IV increase, that of fraction III reach- 
ing a maximum and being largely in excess 
of IV; and at about this same stage both 
these fractions begin to show evidence of 
agglutinating power. As the true bitumi- 
nous coals are approached, fraction IV in- 



718 


THE ACTION OF SOLVENTS ON COAL 


creases, apparently at the expense of III, 
until, as in the strongly coking coals, IV 
reaches its maximum both in quantity and 
agglutinating power, while III decreases to 
almost zero. Because, as Kent stated, the 
yield of III from Griffin No. 2 coal was the 
largest yet obtained of this fraction and the 
ratio III/IV one of the highest, the coal is 
indicated to be in a transition state be- 
tween a true lignite and a subbituminous 
coal — a classification in agreement with its 
ultimate analysis. This fact is further in- 
dicated by the moderate agglutinating 
powers found to be associated with III and 
IV when carbonized with powdered coke. 
The partial development of phenolic prop- 
erties in 1(a) and the separation of a small 
quantity of phenols were also stated to be 
evidence of immaturity. The possibility of 
these phenols arising from intramolecular 
changes in alcohols 188 was, however, con- 
sidered. 

A great part of the literature of solvent 
extraction resembles alchemy more than 
science, perhaps as a result of the complex 
nature of the problem. Failure to recog- 
nize the complexity of coal and maintain 
constant some of the variables of extrac- 
tion has caused a great deal of confusion. 
Standardized experimental procedures like 
those used by Bone and others are of con- 
siderable value, since they show similar 
trends in the nature of the extract of vari- 
ous coals even though the amounts may 
differ. Only in respect to the bituminous 
coals has any great effort been made to 
study the factors involved in the extraction 
of coal. 

The effect of the particle size of the coal 
to be extracted on yield should be of inter- 
est, yet little work was done on this aspect 

138 Pictet, A. [Ann. chim., (9), 10, 249-330 
(1918)], reported that hydroaromatic alcohols 
isolated by him in the vacuum distillation of coal 
were unstable and became partially phenolic in 
properties. 


of the problem until after 1930. The avail- 
able data would indicate that size does not 
greatly influence yield until the diameter of 
the particles approaches 0.001 millimeter, 
at which poi nt there i s a rela tively great 
increase in yield over that for the larger 
sizes. (Data are available for particles up 
to about 6 millimeters in diameter.) 

Along with the material on particle size 
some information is available on the effect 
of time of extraction on yield. The extrac- 
tion curve for bituminous coal, just like 
that for brown coal, is not parabolic except 
possibly during the first part of the proc- 
ess. A few authors have noted that com- 
plete solution of the organic material of 
the coal would not be possible if the ex- 
traction time were indefinitely prolonged, 
and several good methods have been devel- 
oped for calculating the ultimate yield at 
infinite time. This figure is unquestionably 
more significant than a value of yield after 
some arbitrarily chosen time. 

One of the first papers to consider the 
effect of the size of the coal on yield was 
due to Fischer, Peters, and Cremer, 139 * 140 
who described work on the atmospheric ex- 
traction of coal of various particle sizes ob- 
tained by grinding the coal in a ball mill. 
For this study coal from the Mathias 
Stinnes Mining Company, Seam 16, was 
used. The choice was fortunate because 
other data are available for this coal. 141 
The yield of extract obtained with trichlo- 
roethylene after various lengths of grinding 
time is given in Table XXI. 

139 Fischer, F., Peters, K., and Cremer, W., 
Brennstoff-Chem 13, 364-70 (1932). 

140 Hankies, S., and P6ter, I., 8z6nMs6rleti 
EdslernGnyek, 2, 45-57 (1927), had earlier stated 
that the efficient extraction of coal was attained 
only if the particle size was not greater than 
100-1,000 mesh. 

141 Broche, H., and Schmitz, H., Brennstoff- 
Chem 13, 81-5 (1932) ; Fuel , 12, 47-51 (1933). 
Broche, H., and Nedelmann, H., Q-lucJcmf, 68, 
769-79 (1932). 



THE EXTRACTION OF BITUMINOUS COAL 


719 


TABLE XXI 

Effect of Grinding Time on Yield of Ex- 

TRACT 139 

Yield of Extract 
After 20 Hours’ 

Grinding Time Extraction 

hours percent 

1 1.8 

4 4.5 

4 4.6 

4 4.7 

8 6.4 

16 9.5 

Increases in grinding time beyond 16 
hours did not increase the yield. A mi- 
croscopic examination of the ground coal 
showed that after 16 hours of grinding the 
largest particle size was 0.001 mm (^,-coal) 
and after only % hour the particles were 
found to be smaller than 60 p. The in- 
creased yield from 1.8 to 9.5 percent is, 
therefore, related to the increase in the 
^-size coal but does not, however, seem to 
be related directly to particle size, as shown 
in Table XXII. It was pointed out that 
the grinding gives the best results only 
when it is carried out in a good vacuum (1 
to 3 millimeters of mercury). The expla- 
nation for this was thought to lie in a lack 
of cushioning effect of the gas since coal 
ground in an atmosphere of inert gas did 
not give as great a yield of extract. The 
bright coal was considered separately since 
it was thought that the constituents of the 
banded coal might concentrate in the finer 
sizes. The difference in yield here is not 
striking. Erom these data it can be seen 
that decreased particle size increased the 
yield but little until the /i-size coal was 
reached. 

Inspection of the data shows that the in- 
crease in surface of the particle (calculated 
on the basis of a cubical particle) is not 
directly related to yield. To explain the 


above results the authors advanced a the- 
ory of cell-like structure for the coal which 
results from the cell structure of the origi- 
nal coal-forming plants, so that in breaking 
the cell wall by grinding the soluble bitu- 
mens are liberated. An analogous behavior 
to the mechanism assumed here is found in 
the extraction of resin materials, e.g., lyco- 
podium, from which the oils can be ex- 
tracted only after destruction of the spore 
skins. 142 

Against a cell theory of coal extraction 
the authors pointed out that such a struc- 
ture cannot be established microscopically 
and many coals appear as though they 
were once a gellike mass. However, such 
things as optical anisotropism 143 and the 
isolation of membranous substances from 
coal 144 were thought to be evidence in its 
favor. At any rate, an explanation of the 
sudden jump in yield can be attained with- 
out the assumption of a cell structure. 

It was shown earlier by two of these au- 
thors 143 that the occluded gases of coal 
could be completely removed only by 
grinding the coal to ^-fineness, and hence 
it was felt if the coal was impervious to gas 
it would also be so toivard larger molecules 
such as solvent or bitumen. Then it w r ould 
appear that the bitumen is removable only 
from an extremely thin surface layer and 
not from the compact coal substance. The 
sudden jump in yield between the large 
and ^-size particle indicates that the ex- 
tractive surface layer can have a thickness 
of less than 0.001 millimeter. On the basis 
of such an assumption an attempt was 

142 Ullmann, F., Enzyklopadie der technischen 
Chemie , Urban & Schwarzenberg, Berlin, 1931, 
Vol. 7, p. 412. 

143 Hoffmann, E., and Jenkner, A., GliicTcauf , 
6S» 81-8 (1932). 

144 Zetzsche, F., and Kiilin, O., BraunTcohle , 31, 
345-51, 363-6 (1932). 

145 Fischer, F., Peters, K., and Warneeke, A., 
Brennstoff-Chem 13, 209-16 (1932). 
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TABLE XXII 

Extraction of Coal with Trichloroethylene (20 Hours) 139 

Percent Yield of Extract Weight of a Sur- Percent Yield 

Particle < ■ ^ Surface face 0.5 p Thick in of Extract 

Size Banded Coal Vitrain of Coal Percent of Coal by Theory 

square 

milli- centimeters 


meters 

6 


4 

0.55 

0.15 

2 

0.39 

0.18 

1.2 

0.5 

0.26 

0.6 

0.37 

0.27 

0.3 

0.35 

0.30 

0.15 

0.40 

0.37 

0.075 

0.35 

0.23 

0.052 

0.37 

0.64 

, 0.036 

0.57 

1.23 

i ' 

ju-coal 

1.30 

1.90 


9.98 

12.1 


per gram 


7 

0.045 

0.005 

11 

0.075 

0.008 

21 

0.15 

0.015 

36 

0.25 

0.025 

71 

0.5 

0.05 

143 

1.0 

0.1 

286 

2.0 

0.2 

572 

4.0 

0.4 

823 

5.7 

0.6 

1,200 

8.1 

0.8 

42,800 

100 

10 


made to calculate the fraction of the coal 
particle which consisted of a surface layer 
0.5 fi thick, and from this to determine a 
theoretical yield. These values are given in 
Table XXII. The experimental yield of 
10 percent from the banded coal of /i-size 
was used to evaluate constants in the equa- 
tion for calculating the other theoretical 
yields. The difference between the calcu- 
lated and experimentally obtained yield 
was partially explained away by saying 
that it was brought about by soluble in- 
closures in the coal which would be ex- 
tracted independently of the particle size. 
This, however, is completely in opposition 
to earlier statements with reference to the 


impervious nature of the coal toward sol- 
vents and bitumens. 

The results from the atmospheric extrac- 
tion of jet-coal with various solvents are 
given in Table XXIII, and those from 
the petrographic constituents of this coal 
ground to ju-size, in Table XXIV. They 
indicate that the yields from the petro- 
graphic constituents decrease in the order 
vitrain, durain, and fusain. 

An anthracite ( Sophia- Jacoba Seam), 
after 16 hours’ grinding, yielded only 0.7 
percent extract with trichloroethylene. 
From a low-volatile coal (Langenbrahm 
Seam), 1.2 percent of extract was obtained, 
and a high-volatile coal (Br assert) yielded 
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TABLE XXIII 

Yields from Extraction of ^-Coal with 
Various Solvents 139 


Solvent 

Yield 

. percent 

Ethanol 

1.5 

Methanol 

2.6 

Carbon tetrachloride 

5.4 

Carbon disulfide 

7.5 

Dichloroethylene 

7.7 

Benzene 

8.0 

Toluene 

8.0 

Xylene 

8.1 

Ethanol-benzene (1 : 1) 

9.5 

Trichloroethylene 

10-10.6 

Chloroform 

10.7 

Chlorobenzene 

11.6 


TABLE XXIV 


Yields from Extraction of Petrographic 
Constituents of Coal Ground to ju-Size 139 


Percent Yields of Extract From 


Solvent Banded Coal 

Vitrain 

Durain 

Fusain 

1. Trichloroethylene 

10.6 

12.1 

7.5 

2.9 

2. Benzene 

8.1 

8.2 

4.8 

2.5 

3. Benzene under pressure 

6.9 

9.3 

8.6 


4. Carbon disulfide 

7.5 

9.0 

6.3 

3.2 

5. Benzene after (4) 

2.0 

0.3 


1.6 

6. Sum of (4) and (5) 

9.5 

9.3 

6.3 

4.6 


3.6 percent. Two high- volatile coals (West- 
phalian and Wealdon Seams) gave yields of 

4.6 percent. 

Further studies have been reported by 
Asbury 146 on the effect of particle size 
on the extraction of a Pittsburgh Seam 
coal, 147 of which the proximate and ulti- 
mate analyses were as follows, in percent- 
age: volatile matter 33.6, fixed carbon 57.0, 
ash 7.5, moisture 1.9, carbon 77.4, hydro- 
gen 5.2, nitrogen 1.6, sulfur 1.0, and oxygen 
7.3. Extractions were made in a specially 

146 Asbury, R. S., Jnd. Eng. Ghent., 26, 1301—6 
(1934). 

147 Fieldner, A. C„ Davis, J. D., Thiessen, R., 
Kester, E. B., Selvig, W. A., Reynolds, D. A., 
Jung, E. W., and Sprunk, G. C., V. S. Bur. Mines , 
Tech. Paper 525 (1932), 60 pp. 


designed pressure Soxhlet extractor similar 
in principle to that used by Bone 123 and 
constructed almost entirely of stainless 
steel. The extractions were made in stages, 
the first of which were the shortest in order 
to minimize risk of changes in composition 
of the extract. The first stages were also 
made at temperatures slightly lower than 
subsequent ones. The yield was deter- 
mined by removing the extract in benzene 
solution from the bomb and taking three 
aliquot samples which were extracted at 
atmospheric pressure to redissolve any pre- 
cipitated extract and separate the extract 
from any fine coal which might have been 
washed from the thimble or wire basket 
during extraction. The benzene was then 
removed by evaporation and the yield for 
the stage calculated on the average of the 
three samples. The loss of highly volatile 
materials with the benzene would tend to 
make the reported yields low. However, 
the presence of such material has never 
been indicated in the extract of this coal. 
Because of difficulty in removing benzene 
from the residue, Asbury believed that this 
procedure constituted the most satisfactory 
method of determining the yield. Material 
balances wffiich were made on all runs were 
usually within 2 percent of 100. In run 18, 
however, on the extraction of ^-size coal, 
a balance of 116 percent was obtained. It 
was reported that retention of benzene by 
the coal residue was responsible for this 
gain. 

Preliminary runs made by Asbury at 
temperatures between 220 and 260° C with 
benzene indicated that most of the extract 
was removed in the first few hours with a 
somewhat regular decrease in yield with 
continued time of extraction. Three sizes 
of coal were considered: 4 to 8, 16 to 20, 
and 60 to 80 mesh. The yields from these 
three sizes were approximately the same 
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TABLE XXII 


Extraction of Coal with Trichloroethylene (20 Hours) 139 



Percent Yield of Extract 


Weight of a Sur- 

Percent Yield 

Particle 

, ■ — 

, 

Surface 

face 0.5 n Thick in 

of Extract 

Size 

Banded Coal 

Vitrain 

of Coal 

Percent of Coal 

by Theory 




square 



milli- 



centimeters 



meters 



per gram 



6 



7 

0.045 

0.005 


0.55 

0.15 




4 



n 

0.075 

0.008 


0.39 

0.18 




2 



21 

0.15 

0.015 


0.5 

0.26 




1.2 



36 

0.25 

0.025 


0.37 

0.27 




0.6 



71 

0.5 

0.05 


0.35 

0.30 




0.3 



143 

1.0 

0.1 


0.40 

0.37 




0.15 



286 

2.0 

0.2 


0.35 

0.23 




0.075 



572 

4.0 

0.4 


0.37 

0.64 




0.052 



823 

5.7 

0.6 


0.57 

1.23 




0.036 



1,200 

8.1 

0.8 


1.30 

1.90 




ju-coal 



42,800 

100 

10 


9.98 

12.1 





made to calculate the fraction of the coal 
particle which consisted of a surface layer 
0.5 fx thick, and from this to determine a 
theoretical yield. These values are given in 
Table XXII. The experimental yield of 
10 percent from the banded coal of jx-size 
was used to evaluate constants in the equa- 
tion for calculating the other theoretical 
yields. The difference between the calcu- 
lated and experimentally obtained yield 
was partially explained away by saying 
that it was brought about by soluble in- 
closures in the coal which would be ex- 
tracted independently of the particle size. 
This, however, is completely in opposition 
to earlier statements with reference to the 


impervious nature of the coal toward sol- 
vents and bitumens. 

The results from the atmospheric extrac- 
tion of ju,-coal with various solvents are 
given in Table XXIII, and those from 
the petrographic constituents of this coal 
ground to ju-size, in Table XXIV. They 
indicate that the yields from the petro- 
graphic constituents decrease in the order 
vitrain, durain, and fusain. 

An anthracite (Sophia- Jacoba Seam), 
after 16 hours' grinding, yielded only 0.7 
percent extract with trichloroethylene. 
From a low-volatile coal (Langenbrahm 
Seam), 1.2 percent of extract was obtained, 
and a high-volatile coal (Brassert) yielded 
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TABLE XXIII 


Yields from Extraction of ju-Coal with 
Various Solvents 139 


Solvent 

Yield 

percent 

Ethanol 

1.5 

Methanol 

2.6 

Carbon tetrachloride 

5.4 

Carbon disulfide 

7.5 

Dichloroethylene 

7.7 

Benzene 

8.0 

Toluene 

8.0 

Xylene 

8.1 

Ethanol-benzene (1 : 1) 

9.5 

Trichloroethylene 

10-10.6 

Chloroform 

10.7 

Chlorobenzene 

11.6 


TABLE XXIV 


Yields from Extraction of Petrographic 
Constituents of Coal Ground to ^-Size 139 


Solvent 

1. Trichloroethylene 

2. Benzene 

3. Benzene under pressure 

4. Carbon disulfide 

5. Benzene after (4) 

6. Sum of (4) and (5) 


Percent Yields of Extract From 
Banded Coal Yitrain Durain Fusain 


10.0 

12.1 

7.5 

2.9 

8.1 

8.2 

4.8 

2.5 

6.9 

9.3 

8.6 


7.5 

9.0 

6.3 

3.2 

2.0 

0.3 


1.6 

9.5 

9.3 

6.3 

4.6 


3.6 percent. Two high-volatile coals (West- 
phalian and Wealdon Seams) gave yields of 

4.6 percent. 

Further studies have been reported by 
Asbury 14S on the effect of particle size 
on the extraction of a Pittsburgh Seam 
coal, 147 of which the proximate and ulti- 
mate analyses were as follows, in percent- 
age: volatile matter 33.6, fixed carbon 57.0, 
ash 7.5, moisture 1.9, carbon 77.4, hydro- 
gen 5.2, nitrogen 1.6, sulfur 1.0, and oxygen 
7.3. Extractions were made in a specially 


146 Asbury* R. S., Ind. Eng. Chew., 26* 1301—6 
(1934). 

147 Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, 33. B., Selvig, W. A., Reynolds, D. A., 
Jung, F. W., and Sprung G. C., Z7. S. Bur . Mines , 
Tech. Paper 525 (1932), 60 pp. 


designed pressure Soxhlet extractor similar 
in principle to that used by Bone 123 and 
constructed almost entirely of stainless 
steel. The extractions were made in stages, 
the first of which were the shortest in order 
to minimize risk of changes in composition 
of the extract. The first stages were also 
made at temperatures slightly lower than 
subsequent ones. The yield was deter- 
mined by removing the extract in benzene 
solution from the bomb and taking three 
aliquot samples which were extracted at 
atmospheric pressure to redissolve any pre- 
cipitated extract and separate the extract 
from any fine coal which might have been 
washed from the thimble or wire basket 
during extraction. The benzene was then 
removed by evaporation and the yield for 
the stage calculated on the average of the 
three samples. The loss of highly volatile 
materials with the benzene would tend to 
make the reported yields low. However, 
the presence of such material has never 
been indicated in the extract of this coal. 
Because of difficulty in removing benzene 
from the residue, Asbury believed that this 
procedure constituted the most satisfactory 
method of determining the yield. Material 
balances which were made on all runs were 
usually within 2 percent of 100. In run 18, 
however, on the extraction of fx-size coal, 
a balance of 116 percent was obtained. It 
was reported that retention of benzene by 
the coal residue was responsible for this 
gain. 

Preliminary runs made by Asbury at 
temperatures between 220 and 260° C with 
benzene indicated that most of the extract 
was removed in the first few hours with a 
somewhat regular decrease in yield with 
continued time of extraction. Three sizes 
of coal were considered: 4 to 8, 16 to 20, 
and 60 to 80 mesh. The yields from these 
three sizes were approximately the same 
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after 41 hours of extraction. This was 
particularly true for the two smaller sizes. 
Data from four typical runs are given in 
Table XXV. The yields are reported on a 
dry, ash-free basis. The noticeable differ- 
ence between loss of weight of the coal and 
yield of extract was reported to be due to 
retention of solvent by the residue. 


TABLE XXV 

Effect of Particle Size on Yield of Ex- 
tract 146 


Coal size, mesh 

4-8 

4-8 

16-20 

60-80 

Temperature, °C 

220 

220 

220 

160 


240 

240 

240 

180 


260 

260 

260 

200 





220 





240 





260 

Number of stages of extraction 

17 

17 

16 

15 

Total time of extraction, hours 
Coal sample weight in grams 

47 

47 

44 

41 

(as-received basis) 

250 

250 

250 

250 


Loss in weight of coal (as-re- 


ceived basis) , percent 

Yield of extract at end of run, 

12.8 

11.4 

14.0 

18.3 

percent 

Yield of extract at end of run 

14.0 

14.7 

16.3 

16.3 

(dry, ash-free coal basis), 
percent 

15.5 

16.2 

17.8 

18.0 

Yield at 41 hours, percent 
Yield at 41 hours (dry, ash- 

13.6 

14.3 

16.0 

16.3 

free basis), percent 

15.0 

15.8 

17.5 

18.0 


The duration of the above runs was de- 
termined by the time required to yield a 
practically colorless extract, a criterion 
which has been used by others. Although 
this length of time was at first thought to 
be sufficient, later work showed that even 
when the solvent siphoning was colorless a 
small amount of material was still being re- 
moved. 

It is of interest to note here that data 
are available on the extraction of Eden- 
born coal through 4-mesh size with a 
Fischer-type extraction apparatus 148 fol- 

148 Fischer, F., Broche, H., and Strauch, J., 
Brennstoff-Chem., 5, 299-301 (1924), 6, 33-43 
(1925). Fischer, F., Ind . Eng. Ohern 17, 707-11 
(1925). 


lowing a standard procedure. 149 The coal 
was treated in an autoclave at 270° C in 
4-hour stages (fresh benzene in each stage) 
until a stage showed the removal of less 
than 0.5 percent extract. In this way a 
yield of 14.3 percent (dry, ash-free basis) 
was obtained in 20 hours in comparison to 
the 15.5 to 18.0 percent reported in Table 
XXV, indicating incomplete extraction. 
Table XXVI gives comparative data for 

TABLE XXVI 


Yield of Extract from 

16-20 

Mesh and 

Run Number 

18 

19 

Coal size 


16-20 mesh 

Temperature, °C 

220 

220 


240 

240 


260 

260 

Number of stages 

Total time of extraction, 

64 

87 

hours 

Coal sample weight (as- 

302 

609 

received), grams 

Yield of extract at end of 

25.0 

25.0 

run (as-received), percent 
Yield of extract at end of 
run (dry, ash-free), per- 

26.1 

20.1 

cent 

Yield of extract at 41 hours 

28.7 

22.0 

(as-received), percent 
Yield of extract at 41 hours 

13.5 

14.4 

(dry, ash-free), percent 
Theoretical yield at infinite 
time (as-received), per- 

14.9 

15.7 

cent 

Theoretical yield at infinite 
time (dry, ash-free), per- 

29.0 

21.5 

cent 

31.9 

23.5 


the extraction of 16 to 20 mesh and p-c 
with benzene. When the yield from each 
of these runs is plotted against time of ex- 
traction, both curves continue to rise, but 
with gradually decreasing slopes. To esti- 

149 Fieldner, A. C., Davis, J. D., Thiessen, K., 
Kestner, E. B., and Selvig, W. A., U . S. Bur. 
Mines , Bull. 344 (1931), 103 pp. 



723 


THE EXTRACTION OF BITUMINOUS COAL 


mate the expected yield at infinite time 
the yield was plotted versus inverse time. 
At infinite time of extraction (1/time = 0), 
the extrapolated lines are far apart, termi- 



15 1 i i i i i I i L_g 

0 .002 .006 .010 .014 .018 


Inverse of Time of Extraction 



Fig. 3. Yield of extract versus inverse time 
of extraction for size and 16-20 mesh Eden- 
born coal (as-received basis). At point A the 
coal residue was ground to pass 200 mesh and 
the extraction continued. 140 

nating at the values given for theoretical 
yield in Table XXVI. 

For comparison, note that 16- to 20- 
mesh Edenborn coal gives a yield of not 
more than 0.1 percent of extract in a Soxh- 
let extraction at 80° C, and 60- to 80-mesh 
yields only 0.93 percent after 1 hour of ex- 
traction at 160° C, whereas at 220° C a 
half-hour extraction removes 8.9 percent, 


again showing the striking effect of tem- 
perature. 

Figure 3 is a plot of yield of extract 
against inverse time of extraction. The 
justification of yields at infinite time esti- 
mated by this type of plot lies in the short 
extrapolation necessary. Later 150 this 
method was improved somewhat. The 
method consists in plotting values of time, 



Fig. 4. Time of extraction versus time di- 
vided by yield of extract for A size and 16-20 
mesh Edenborn coal. 100 


t, against time divided by yield, t/y. When 
the experimental data are plotted in this 
way, they lie on a straight line, except for 
small values of it. If the equation of this 
line is written as: 

t = b(t/y) - a 

where a and b are constants to be deter- 
mined from the data, then, dividing by t: 

1 = b/y - a/t 

and for t = & , 1 - b/y; that is, y ~ b. 
This means that the slope of the line gives 
the ultimate yield of extract. Figure 4 
shows how closely the experimental data 
for two long runs at 260° C may be fitted 
to such a line. Only the values of t greater 

150 Landau, H. G., and Asbury, R. S., Ind. Eng. 
Ohem., 30, 117 (1398). 
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than 32 hours are plotted. Equations given 
below were determined for the two runs. 

For /A-coal t = -46.2 + 30.1 t/y 

For 16- to 20-mesh coal t = —26.0 + 20 M/y 

The values of ultimate yield obtained in 
this way are 30.1 percent for ^-coal and 
20.6 for 16- to 20-mesh against 29.0 percent 
and 21.5 percent obtained by the previous 
method. These differences are not signifi- 
cant, but the later method is superior since 
it does not require extrapolation beyond 
experimental data. This method, purely 
empirical, is justified by the fact that ex- 
perimental values plotted in this way fall 
on a straight line except for small values 
of t as noted. This has been further veri- 
fied on runs made with aniline and tetralin 
in the Coal Research Laboratory, on the 
data of Peters and Cremer, 118 using ben- 
zene, and on the data of Gryaznov, 151 using 
an alcohol-benzene mixture. It has been 
reported that the extraction of a series of 
ten Japanese and Manchurian coals 152 
with alcohol-benzene and with benzene fol- 
lowed this rule. In addition the U. S. Bu- 
reau of Mines has made use of this method 
in calculating yield in coal hydrogenation 

151 Gryaznov, N. S., Khirn . Tverdogo Topliva, 
7, 222-9 (1936). 

152 Tawada, K., Kawai, N., Takino, F., Ohy- 
ama, S., and Kisida, T., J. Soc. Chem. Ind. Japan , 
42, Suppl. binding 58 (1939). 


work. Other data 153 also tend to indicate 
that there is an ultimate maximum yield of 
extract which can be obtained in the ex- 
traction of coal with solvents at a given 
temperature. 

A few other authors have studied the ef- 
fect of particle size on yield. The yield of 
extract obtained with pyridine has been 
reported to increase with increasing fine- 
ness of the coal, 154 and Agde and Huber- 
tus 155 have reported yields for three types 
of coal which were ground to /x-size, de- 
ashed and extracted with a number of sol- 
vents and solvent mixtures. 

Peters and Cremer 118 have reported 
data (Table XXVII) from the atmospheric 
extraction of several coals of various par- 
ticle size with benzene and acetone for 48 
hours. These authors stated that the par- 
ticle size was almost without influence on 
the extraction of brown coal; however, the 
effect on bituminous-coal extraction can be 
seen in the table. It was also reported that 
the observed microscopic size of the par- 
ticle was’ not a reliable indication of yield 

153 Oswald, M., and Pinta, R., Compt . rend., 
ITS, 1552—5 (1924) ; Chimie & Industrie, 12, 
415-22 (1924). 

154 Van Ahlen, A., Brennstoff-Chem., 15, 401-4 
(1934). 

155 Agde, G., and Hubertus, R., ibid., 17, 149- 

50 (1936) ; Braunlcohlenarch, No. 4(>, 3-30 

(1936). 


TABLE XXVII 

Yield of Extract as a Function of Particle Size 118 



Low-Volatile Coal 

High-Volatile Coal 

High-Volatile Coal 

Cannel Coal 

Pittsburgh 

Particle 

Ludwig 

Stinnes 

Lohberg 

Wehhofen 

Seam Coal 

Size 

Benzene 

Acetone 

Benzene 

Acetone 

Benzene 

Acetone 

Benzene 

Acetone 

Benzene 

microns 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

1,200-600 

0.06 

0.1 

0.1 

0.3 

0.2 

1.0 

1.1 

1.6 

0.15 

600-300 

.1 

.1 

0.45 

0.4 

0.25 

1.2 

1.55 

1.8 

0.2 

300-150 

.1 

.1 

0.17 

0.6 

0.3 

1.4 

1.6 

2.2 

0.4 

150-75 

.15 

.15 

0.3 

0.6 

0.4 

2.2 

1.9 

2.4 

0.5 

75-52 

.16 

.3 

0.4 

0.7 

0.5 

3.0 

2.3 

2.7 

0.7 

52-40 



0.5 

0.9 



2.5 

2.9 

2.7 

40-1 

.25 

.3 

1.35 

1.1 

0.75 

3.9 

2.7 

2.9 

2.7 

1 (Average) 

.5 

.9 

9.45 

7.8 

4.30 

10.0 

3.7 

3.5 

13.3 
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to be expected. In this respect it was 
found that a coal ground for 8 hours could 
not be differentiated from one ground for 
16 hours, yet it gave only 75 percent as 
much extract. Peters and Cremer also in- 
vestigated the effect of time on the extrac- 
tion of ju.-coal (Stinnes?) with benzene in 
an extractor working on the Soxhlet prin- 
ciple 156 and the solubility of the resulting 
extracts in pentane. Data from these runs 
are given in Table XXVIII. When plotted 

TABLE XXVIII 

Yield of Extract as a Function of Time 118 


Time of 

Ex- 

Soluble in 

Differ- 


Extraction 

tract 

Pentane 

ence 


hours 

1 

percent 

1.52 

percent 

1.15 

percent of 
extract 

75.5 

0.37 


3 

3.08 

2.30 

74.5 

0.78 

0.78 

6 

3.91 

2.57 

65.5 

1.34 

.28 

10 

4.63 

2.81 

60.6 

1.82 

.18 

21 

5.28 

2.89 

54.7 

2.29 

.06 

93 

6.34 

3.00 

47.3 

3.34 

.015 

165 

6.94 

3.00 

43.2 

3.94 

.008 

273 

7.40 

3.00 

40.5 

4.40 

.006 


as in Fig. 5, these data indicate that the 
extract obtained with benzene consists of 
two parts, one which is very easily and rap- 

156 Peters, K., Chem. Fabrih, 7, 21-5 (1934). 


idly removed, and the second which is 
much less soluble. 157 The elementary anal- 
ysis of the pentane-soluble and -insoluble 
parts does not indicate differences which 
would satisfactorily explain the differences 
in properties of these materials which range 
from oillike materials to difficultly soluble 
amorphous solids. However, these differ- 
ences can be explained by the assumption 
that the extracted material differs chiefly 
in degree of polymerization rather than in 
composition. This hypothesis is supported 
by the fact that coals through hydrogena- 
tion 158 can be converted to “pseudobitu- 
mens” which have properties similar to 
the bitumens obtained in extraction with 
benzene. 

The work of Keppeler and Borchers 117 
on the effect of time and temperature on 
yield has already been mentioned. These 
authors extracted finely ground coal (Ham- 
born-Neumuhl, high volatile) with tetralin 
at various temperatures (Table XXIX) 

157 Somewhat similar results were obtained by 
Illingworth, S. R., Fuel, 1, 213-9 (1922), in the 
extraction of coal with phenol. 

158 Fischer, F., Peters, K., and Cremer, W., 
Brennstoff-CTiem., 14, 181-4 (1933) ; Fuel, 12, 
390-4 (1933). 



Time, Hours 

Fig. 5. Effect of extraction time on yield and composition of extract. 118 A. Total extract 
B. Pentane-insoluble part of extract. C. Pentane-soluble part of extract. 
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TABLE XXIX 

Effect of Temperature on Yield of Ex- 
tract 1 

Temperature Yield of Extract 
°C percent 

150 1.4 

200 2.5 

250 6.2 

275 10.4 

300 13.3 

325 13.5 

and at 265° C (100 grams of coal) for in- 
creasing lengths of time (Table XXX). 

TABLE XXX 


Yield of Extract from Successive 1-Hot 
Extractions 117 


Extraction 

Extract 

Sum of 
Extracts E 

ii 

1 

grams 

8.4 

grams 

8.4 

70 

2 

6.3 

14.7 

108 

3 

3.1 

17.8 

106 

4 

1.8 

19.6 

95 

5 

1.3 

20.9 

87 

6 

0.8 

21.7 

78 

7 

0.6 

22.3 

71 



Average 

= 88 


It was found that the above extraction 
data followed a parabolalike course when 
plotted against time. The extent of the 
deviation can be obtained by inspection of 
the values of c. Calculated values of c 
for the data of Peters and Cremer show 
greater deviations. For example, in this 
work values of c for the first 10 hours of 
extraction lie fairly close to an average 
value of 2.54 (maximum deviation +0.62), 
but starting at the twenty-first hour the 
values fall off rapidly to a value of 0.20. 
On the other hand, values of the “extrac- 

jjm 

tion constants,” K (K = — * £) calculated 
at 

from the individual runs of Peters and Cre- 


mer are in much better agreement among 
themselves than corresponding values cal- 
culated for the data of Keppeler and 
Borchers. 

The work of these investigators is diffi- 
cult to compare since one group (Keppeler 
and Borchers) used a bomb type of extrac- 
tion and the other used a Soxhletlike ap- 
paratus. Further, the particle size (^ ) 
studied by Peters and Cremer has been 
shown to have a great effect on the extrac- 
tion and might even influence the rate of 
extraction. Finally, in one group the ex- 
tractions were carried out for only 7 hours 
and in the other for 273 hours. Both sets 
of data show a parabolic tendency in the 
first few hours of extraction (up to 7 or 
10 hours). 

Gryaznov 151 has shown that the data of 
Keppeler and Borchers fit best on a para- 
bolic curve in which a value for c of 86.85 
(obtained by interpolation rather than 
arithmetic average) instead of 88 is used. 
A still better expression was found to be 
E x - at 1 , where E ± is the percentage of 
the extracted bitumen based on the or- 
ganic matter of the original coal, t is time, 
and a and b are constants depending on 
the coal. This equation was shown to ap- 
ply to extraction independently of experi- 
mental conditions. For the work of Kep- 
peler and Borchers the best agreement was 
obtained when a = 9.5 and b = 0.48. For 
the alcohol-benzene extractions made by 
Gryaznov, a - 0.414 and b - 0.32. The 
velocity of extraction of a process already 
started was found to be inversely pro- 
portional to m-btb ( ; e 

V 6 -’ dt E«-K 

or directly proportional to E and inversely 

J7JI fit 

to t for static conditions 

• A few investigators, noting the increased 
yield obtained at higher temperatures, have 
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studied the effect of preheating the coal in 
a solvent vapor or inert atmosphere fol- 
lowed by extraction. It will be recalled 
that data presented earlier, on the effects 
of preheating on peat, were not conclusive 
since some peats gave an additional yield 
after heating, and others did not. More 
extensive work on bituminous coals has 
shown that, though preheating will increase 
the yield of extract, there is a limiting tem- 
perature beyond which the yield is actually 
decreased. This behavior should be related 
to the Pott-Broche effect, and the limiting 
temperature would be close to the decom- 
position temperature of the coal or residue 
which is being treated. 

Harger 159 has shown that the yield of 
extract obtainable with pyridine could be 
considerably increased if the residue from 
the Soxhlet extraction of coal with this 
solvent was heated to ISO 0 C for 34 hours 
and then subsequently extracted with pyri- 
dine. Fischer and Groppel 160 increased 
the yield of extract by heating the coal to 
550 to 600° C; however, this temperature 
is far above the decomposition point of the 
coal. 

Illingworth 157 reported that a bitumi- 
nous coal studied by him which yielded 
only 1 .02 percent of extract after a 24-hour 

159 Harger, J., J. Soc. Chem. Ind., 33, 389-92 
(1914). 

160 Fisclier, F., and Groppel, H., Ges. Alhandl. 
ICenntnis Kohle, 1, 68-77 (1917). 


extraction with liquid phenol at 184° C be- 
came 5.58 percent soluble in this solvent 
(24 hours at 184° C) after the coal was 
heated to 400° C out of contact with air. 
Similar data were given for aniline and 
pyridine. Unfortunately, these extractions 
were made at odd temperatures and inter- 
vals of time so that the results cannot be 
placed on a strictly comparative basis. 
The results are nevertheless striking. This 
increase in yield upon preheating is addi- 
tional evidence for the polymeric structure 
of coal. 

Data obtained by Clark and Wheeler 161 
on the extraction and preheating of two 
English coals are given in Table XXXI. 
The extractions were made with cold sol- 
vent, before and after preheating at differ- 
ent temperatures. The fact that the in- 
creased yield of extract is the result of 
“primary degradation” of the coal has been 
indicated 162 by showing that the bitumens 
of thermally treated coals contain more 
solid fraction insoluble in petroleum ether. 

Asbury 146 also made a study of the ef- 
fect of pre- and after-heating on extrac- 
tion. In one run, 16- to 20-mesh coal was 
subjected to an extraction at 260° C for 41 
hours to remove the greater part of the 

161 Clark, A. H., and Wheeler, R. V., J. Chem. 
Soc., 103, 1704-15 (1913). 

162 Gofman, M. V., Kopeliovich, N. A., and 
Kagan, E. D., Khim. Tverdogo Topliva, 4, 550-64 
(1933) ; Chem. Ahs., 28, 6273 (1934). 


TABLE XXXI 


Percentage Yield or Extract from Preheated Bituminous Coals 161 


Coal 

Parkgate * 

Parkgate f 

Barnsley * 

Barnsley f 

Solvent 

Chloro- 

Ben- 

Chloro- 

Ben- 

Chloro- 

Ben- 

Chloro- 

Ben- 


form 

zene 

form 

zene 

form 

zene 

form 

zene 

No preheating 

1.45 

0.37 

1.39 

0.50 

0.73 

0.31 

1.15 

0.59 

Preheated at 200° C 

1.01 

0.41 

1.56 

0.73 

0.86 

0.15 

1.45 

0.53 

Preheated at 250° C 

2.75 

0.54 

2.72 

0.71 

1.20 

0.30 

2.37 

0.34 

Preheated at 350° C 

5.88 

1.35 

4.63 

1.61 

5.15 

0.68 

4.44 

1.27 


* Clarain and vitrain. 
t Durain. 
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soluble material. The residue was then 
heated in benzene vapor at 325° C for 1 
hour. After cooling and removal of gas 
the residue was again extracted at 260° C 
for 12 hours in four 3-hour stages. The 
residue was again heated in benzene vapor 
for 1 hour at 350° C and then extracted as 
before at 260° C in four stages of 3 hours 
each. This process of vapor heating and 
extraction was repeated at 375°, 400°, 425°, 
and 450° C. The pressures obtained during 
these heatings ranged between 1,000 and 
1,500 pounds per square inch (70.3 and 
105.5 kilograms per square centimeter). 
Table XXXII and Fig. 6 give the data ob- 
tained in this run. It will be noted that, 
after the initial extraction at 260° C, heat- 


ing at each temperature increased the in- 
cremental yield of extract up to 375° C, 
beyond which the increase in yield de- 
creased with increase in temperature of 
preheating. The final yield, 30.2 percent, 
was considerably greater than the maxi- 
mum indicated yield for this particle size 
at 260° C and only slightly less than the 
indicated yield for ja-coal. 

Gas evolution in this run amounted to 
less than 2 percent of the weight of the 
coal, and the gas contained considerable 
quantities of saturated hydrocarbons and 
hydrogen. The presence of hydrogen at 
these low temperatures supports the con- 
clusion that hydrogen is one of the primary 
products of thermal decomposition of this 



Hours of Extraction 


Fig. 6 . Yield of extract for coal pre-extracted at 260° C and after-heated at 325 to 455° O. 146 

A. First stage after heating at 325° C. D. First stage after heating at 400° C. 

B. First stage after heating at 350° O. E. First stage after heating at 425° C. 

C. First stage after heating at 375° C. F. First stage after heating at 450° C. 
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TABLE XXXII 


Effect of Afterheating on Yield of Ex- 
tract 146 

Increase in Yield in Four 

Temperature 

3-Hour Stages of Extraction 

of Heating 

Following Heating * 

°C 

percent 

325 

1.75 

350 

2.38 

375 

4.74 

400 

3.91 

425 

1.55 

450 

1.12 


15.45 

Amount removed in pre- 
extraction at 260° C in 
41 hours, percent 14.7 

Total 30.2 

* Dry, ash-free basis. 

coal. (See Chapter 20.) In two other ex- 
periments the coal was preheated in ben- 
zene vapor for 1 hour followed by 31 hours 
of extraction at 260° C with benzene, then 
subjected to alternate heating and 12 hours 
of extraction at 260° C in four 3-hour 
stages. In the first of these runs the tem- 
perature of treatment was 350° C, and in 
the second, 400° C; the yields were about 
22 and 20 percent, respectively. In both 
runs a small amount of caking was noticed. 
The curves for both runs are shown in Fig. 
7. In another run the coal was preheated 
at 450° C, but here caking was so severe 
that extraction was impossible. 

From the above data it can be seen that 
the maximum yield of extract was obtained 
by removing the extract in steps as the 
temperature was progressively increased 
rather than by removing it at one time at 
the highest temperature studied. For ex- 
ample, the run for which data are shown 
in Table XXXII gave a yield of 27.48 per- 
cent in the extraction following the 400° C 


heating (89 hours total extraction time), 
whereas in the experiment in which the 
coal was preheated to 400° C before extrac- 
tion the yield was only around 20 percent 
(67 hours). The difference in time will 
hardly explain the difference of more than 
7 percent in yield. However, an explana- 
tion may be found in the work of Pott, 
Broche, et al. 116 These authors were able 
to show that as much as 80 percent of ex- 
tract could be obtained from a bituminous 
coal and as much as 94 percent from a 
brown coal of ordinary particle sizes (1 to 2 
millimeters) under carefully regulated con- 
ditions. Table XXXIII gives data from 

TABLE XXXIII 

Extraction of Coal with Tetralin at 
320° C 316 

Extraction Yield 

percent 

1 25.0 

2 8.5 

3 6.3 

4 5.5 

5 5.1 

6 3.6 

7 1.9 

8 1.0 

9 0.8 

Total 57.7 

the extraction of a high-volatile coal hav- 
ing a decomposition temperature of 330° C 
with tetralin. The extractions were car- 
ried out at 320° C in nine stages of 2.5 
hours each. 

These authors did not think, that any hy- 
drogenation took place at 320° C from the 
tetralin since when this solvent was heated 
in an autoclave at this temperature for sev- 
eral hours no change in composition was 
noted. It would probably have been bet- 
ter if this test had been conducted in the 
presence of coal and then hydrogen bal- 
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Time of Extraction in Hours 

Fig. 7. Effect of preheating at two temperatures followed by extraction and after-heating on yield 
of extract. 140 Curve 1 at 400° C ; curve 2 at 325° C. 

A, B, C. First stages after reheating at 400° C. 

X, Y , Z. First stages after' reheating at 350° C. 


ances made on the products. The stabil- 
ity of tliis solvent appears to be fairly 
well established at temperatures up to 
300° C. 108 ’ 163 ’ 164 ’ 165 Kiebler has reported 
that at 300° C hydrogen balances on 120- 
hour runs with tetralin were over 100 per- 
cent. Pott, Broche, et al. reported the 
decomposition point of tetralin to be in the 

163 Berl, E., and Schildwachter, H., Brennstoff - 
Chem., 9, 105-13, 121-2, 159-60 (1928). 

164 Asbury, R. S., Ind. Eng. Chem., 28, 687-90 
(1936). 

165 Kiebler, M. W., Hid., 32, 1389-94 (1940) ; 
Gas J., 232, 433-6 (1940). 


neighborhood of 370° C. Asbury pointed 
out the possibility of formation of tetralin 
polymers at elevated temperatures which 
might serve to explain the high hydrogen 
balances obtained by Kiebler. Peter 160 
found that tetralin decomposed to an ex- 
tent of 33 to 38 percent to naphthalene at 
400° to 440° C (1 hour). This is well 
above the decomposition temperatures of 
most coals. 167 

i66P6ter, I., Techniha, (Budapest), 19, 193-4 
(1938) ; Chem. Als., 32, 6432 (1938). 

167 Holroyd, R., and Wheeler, R. V., J. Chem. 
Soc., 131, 3197-208 (1928). 
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In an investigation of the decomposition 
temperature of several coals it was found 
by Pott, Broche, et al. that the residue al- 
ways had a higher decomposition tempera- 
ture than the original coal. The decompo- 
sition temperature here was defined as 
that point where a rapid evolution of gas 
(mostly methane) took place when the coal 
or residue was heated under special condi- 
tions. Table XXXIV gives the results ob- 
tained in the extraction of coal at progres- 
sively increasing temperature, just under 
the temperature of decomposition of the 
coal or residue. 

The most important point established in 
this work was the fact that the tempera- 
ture of extraction should lie just below the 
decomposition temperature of the residue 
in order to produce the greatest yield, and 


TABLE XXXIV 

Successive Extractions of Coal and Resi- 
due with Tetralin 116 

Temperature Temperature of 


Extrac- 

of Ex- 

Decomposition of 

Yield on Dry, 

tion 

traction 

Material Extracted 

Ash-Free Coal 


°C 

°C 

percent 

1 

320 

330 

20.3 

2 

380 

380 

25.8 

3 

385-390 

395 

18.2 




Total 64.3 


that it is unnecessary, and even detrimen- 
tal, to exceed this value. It was further 
shown that after a number of extractions 
the temperature of decomposition of the 
residue reached a maximum value which 
was characteristic for each coal; beyond 
this point further extraction did not in- 
crease the yield. A number of coals were 



Extraction Temperature , 0 C 

Fig. 8. Influence of extraction temperature on yield of extract with mixture of naphthalene, 
tetralin, and tar phenols as solvents. 118 

A. High-volatile coal 1. C. High-volatile coal 3. 

B. High-volatile coal 2. D. Upper Silesian coal. 


E. Brown coal. 
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extracted at temperatures which were be- 
low, coincident with, or above their decom- 
position temperatures. The results are 
shown graphically in Fig. 8. The solvents 
used were either a mixture of 40 percent 
naphthalene, 40 percent tetralin, and 20 
percent low-temperature tar phenols (boil- 
ing point 180 to 230° C), or mixture of 
tetralin and phenols (1:1). All the curves 
show that there is a single optimum tem- 
perature of. extraction. This point is at 
the decomposition temperature of the coal. 

It was found in this work that, when the 
extract obtained with phenol alone was 
mixed with the residue and the mixture 
was coked, the resulting mixture had lost 
the coking properties of the original coal. 
If, on the other hand, a tetralin-phenol 
mixture was used to extract the coal and 
the resulting extract and residue were 
mixed and coked, a well-formed coke but- 
ton, corresponding to that from the original 
coal, was formed. 

The extracts obtained by the above pro- 
cedure are easily hydrogenated, yielding a 
large percentage of benzene-soluble oils. 
Numerous patents and articles are to be 
found in the literature on the hydrogena- 
tion of coal and coal extracts 168 in the 
presence of such solvents as tetralin or 
tetralin-phenol mixtures, 169 phenols and 
cresols, 170 anthracene, 171 phenol, 172 and bi- 

168 I. G. Farbenindustrie A.-G., Ger. Pat. 554,- 
366 (1926). Mohrle, G., Can. Chem. Met., 19, 
96-7 (1935) ; Chem. Abs., 29, 4547 (1935). 

169 Pott, A., and Brocbe, H., U. S. Pats. 1,881,- 
927 (1933), 2,123,380 (1938). Siegmund, E., 
Feuerungstech., 24, 158-9 (1936). Levi, M. G., 
DeBartholomaeis, E., and Magaldi, F., Studi rio. 
comb., 6, 259-74 (1936-7) ; Cliem. Abs., 33, 6024 
(1939), Berthelot, C., Genie civil, 110, 266-8 
(1937). Gewerkschaft Mathias Stinnes, Fr. Pat. 
819,317 (1937). Sander, A., Teer u. Bitume7i, 
36, 269-71 (1938). Pfirrmann, T. W., U. S. Pat. 
2,167,250 (1938). Pott, A., U. S. Pat. 2,141,615 
(1988). International Hydrogenation Patents 
Company, Fr. Pat. 840,763 (1939). 

170 International Hydrogenation Patents Com- 
pany, Fr. Pat. 831,385 (1938). 


phenyl 173 This list is not by any means 
complete. (For further work on hydro- 
genation in the presence of solvents see 
Chapter 38.) 

One important variable in the extraction 
of coal remains for consideration, namely, 
the effect of the nature of the solvent. In 
spite of the obvious variations in yield of 
extract found with different solvents, only 
a few workers have attempted to study this 
factor of extraction systematically. Ex- 
tractions which have been reported with 
solvents of different chemical nature are 
frequently made at widely varying tem- 
peratures, corresponding to their boiling 
points, so that evaluation of the results is 
difficult. It can be shown, however, that 
at constant temperature there is a great 
difference in the solvent action of aliphatic 
and nonaliphatic solvents. All available 
data indicate that the acidic or basic nature 
of the nonaliphatic solvents is without ef- 
fect in determining yield. When the physi- 
cal properties of the solvent are considered 
it is found that although several would ap- 
pear to have a theoretical basis for corre- 
lation with yield only one such correlation 
is possible, namely, with internal pressure. 

Pew and Withrow 174 carried out atmos- 
pheric Soxhlet extractions of an Ohio coal 
(Pittsburgh No. 8 Seam) with a number of 
solvents and obtained the data given in 
Table XXXV. The extractions were car- 
ried out to apparent completeness. The ef- 
fect of oxidation, noted by others, on yield 
and material balances is well demonstrated 
by the difference between the runs made in 
air and in carbon dioxide. The high mate- 
rial balances obtained in some runs may be 

171 Beuschlein, W. L., and Wright, C. C., Ind. 
Eng. Chem., 25, 409-10 (1933). 

172 Beuschlein, W. L., and Wright, C. C., ibid., 
24, 1010-2 (1932). 

173 Beuschlein, W. L., Wright, C. C., and Wil- 
liams, C. M., ibid., 26, 465-6 (1934). 

174 Pew, J. C., and Withrow, J. R., Fuel, 10, 
44-7 (1931). 
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TABLE XXXV 

Extraction op Coal with Various Solvents 174 



Boiling 
Point of 

Hours of 




Solvent 

Solvent 

Extraction 

Residue 

Extract 

Total 


°C 


percent 

percent 

percent 

Pyridine * 

115 

24 

70.1 

35.0 

105.1 

Benzene 

81 

8 

98.7 

0.6 

99.3 

Ethylene glycol monoethyl ether 

132-35 

16 

91.8 

9.4 

101.2 

Ethylene glycol monobutyl ether 

165-69 

24 

90.4 

12.4 

102.8 

Ethylene glycol monoethyl ether acetate 

147-47 

10 

98.5 

1.8 

100.3 

Ethylene glycol monomethyl ether 

120-23 

20 

89.2 

10.3 

99.5 

Ethylene glycol diethyl ether 

118-22 

20 

93.5 

5.9 

99.4 

Pine oil 

200-210 

12 

97.4 



Mesityl oxide 

125-35 

30 

85.1 

20.1 

105.2 

Furfural 

161 

7 

82.0 

45.6 

127.6 

Benzaldehyde 

176-78 

8 

75.0 

39.8 

114.8 

Diethylene glycol monoethyl ether 

188-92 

20 

91.0 

12.6 

103.6 

Benzaldehyde * 

176-78 

8 

78.2 

33.1 

111.3 

Ethylene glycol monoethyl ether * 

132-35 

16 

90.0 

10.5 

100.5 

Phenol * 

183 

16 

63.8 

43.6 

107.0 

Phenol 

183 

16 

70.1 

43.9 

114.0 

Ethylene oxide 

11 


95.2 



Rosin f 


2 

96.9 



10% NaOH solution f 


2 

97.5 



Ethylene glycol monoethyl ether — KOH J 


2 

70.5 

31.3 

101.8 


* Extracted in atmosphere of carbon dioxide, 
f Rosin and coal heated together at 220® C. 

$ Coal and solvent boiled together. 


due to oxidation, chemical combination be- 
tween solvent and coal, mechanically re- 
tained solvent, and/or decomposition of the 
solvent to yield nonvolatile material. The 
solvents which gave the greatest yield of 
extract appeared to be most affected by 
oxidation. In the experiments with phenol 
as solvent, for example, the weights of ex- 
tract were approximately the same for the 
two extractions, indicating that the greater 
susceptibility to oxidation lies in the resi- 
due. 175 Furfural and benzaldehyde prob- 
ably combined chemically with the coal. It 

175 Graham, J. I., and Hill, X, Trans. Inst . 
Mining Engrs. {London), 54, 197-224 (1917-18) ; 
Trans. North Engl. Inst. Mining Meoh. Engrs., 
68, 37 (1918). 


can be seen that the monoalkyl ethers of 
ethylene and diethylene glycol dissolved 10 
to 12 percent of the coal, the amounts 
varying only slightly with the boiling point 
of the solvent. The authors thought that 
the solvent power appeared to be related 
to * the presence of OH groups, although 
glycol itself was a very poor solvent for 
coal. Removing the OH group from a 
glycol monoalkyl ether by forming the di- 
ether reduced the solvency to a consider- 
able extent, and esterification of the OH 
group with acetic acid almost completely 
eliminated the solvent power. The resi- 
due obtained with potassium hydroxide in 
ethylene glycol monoethyl ether (normal 
solubility) showed a very great affinity for 
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oxygen. In one determination this mate- 
rial ignited spontaneously when brought 
into the air from an oven at 150° C. 

Asbury 164 studied the effect of three pow- 
erful nonaliphatic solvents — aniline, tetra- 
lin, and phenol — on coal. The coal used 
was the same Pittsburgh Seam coal referred 
to previously 146 (16-20 mesh), and the ap- 
paratus was the same as that previously de- 
scribed except that the water-cooled con- 
denser of the pressure Soxhlet was replaced 
by an oil-cooled condenser and a device for 
indicating the frequency of siphoning was 
built into the extractor. 176 Several slight 
changes were made in the experimental 
procedure to conform to the physical and 
chemical nature of the solvent. Summa- 
rized data are given in Table XXXVI. In 

TABLE XXXVI 

Yield op Extract with Aniline, Tetralin, 
and Phenol 164 


Solvent 

Aniline 

Tetralin 

Phenol 

Time, hours at: 225° C 

464 



250° C 


136 

44 

300° C 


126 

21 

350° C 


108 


ox 

o 

o 

o 

O 


4 


Total 

464 

374 

65 

Total number of stages 

72 

79 

23 

Coal sample weight, grams 

125 

150 

150 

Loss in weight of coal, grams 

57.3 * 

95.5 

87.3 

Percent 

45.8 * 

63.7 

58.2 

Weight of extract, grams 

53.4 * 

117.1 

97.5 

Yield of extract, based on orig- 




inal weight of coal, percent 

42.7 * 

78.1 

65.0 

Yield of extract corrected for 




fine coal, percent 

47.0 f 

85.5 

66.7 

Yield at infinite time, cor- 




rected for fine coal, percent 

57.0 t 

790 

68 

Weight of extract plus fine 




coal plus residue, grams 

121.1 * 

171.6 

160.2 

Balance, percent t 

96.8 * 

114.3 

107.0 

* Corrected for aniline assumed to be in prod- 


nets at end of run, based on nitrogen content, 
f Estimated. 


* ™ i j.. Extract + Fme coal 4- Residue 

$ Equal to = : 

Original weight of coal 


X 100. 


176 Asbury, R. S., Ind. Eng. Cfiem., Anal. Ed., 
8, 152 (1936). 


the tetralin runs, the high oxygen content 
of the end products indicated oxidation of 
the extraction products and the excess hy- 
drogen content was attributed to the tetra- 
lin and its polymers. In agreement with 
others tetralin was found to decompose 
around 400° C. Difficulties of a similar na- 
ture were encountered with phenol, but at 
a lower temperature. The decomposition 
of a very small amount of phenol to di- 
phenyl ether at 300° C was definitely es- 
tablished. Asbury examined the aniline 
and phenol extracts in their respective 
solvents with the dark-field microscope at 
magnifications up to 980 diameters and 
found numerous colloidal particles below 
!L - size in Brownian movement, but in the 
tetralin extract only aggregates of particles 
not in motion were found. Since these so- 
lutions were examined at room tempera- 
ture, it is probable that the extract was in 
true solution under the conditions of ex- 
traction, in agreement with the studies on 
benzene pressure extracts which were found 
to contain very little colloidal material. 146 

Kuznetzov' 177 extracted Russian coal 
(Ataman Seam) with a number of solvents, 
obtaining the data given in Table XXXVII. 
These extractions were made by boiling 1 
gram of the coal with 50 milliliters of sol- 
vent for 10 minutes, after which the mix- 
ture was allowed to stand above the melt- 
ing point of the solvent for 36 hours. At 
the end of this time the mixture was .again 
boiled for 30 minutes, filtered, and the resi- 
due washed with low-boiling solvents such 
as alcohol or ether. In several cases dupli- 
cate runs were made which gave some indi- 
cation of experimental error. The data in 
Table XXXVII indicate the importance of 
benzene or pyridine rings in the solvent. 
The presence of amino and hydroxyl (phe- 

177 Kuznetzov, M. I., Khim. Tverdogo Topliva , 
6, 515-30 (1935) ; Chem. Abs., 30, 3618 (1936) ; 
Fuel, 16, 114-21 (1937). 



THE EXTRACTION OF BITUMINOUS COAL 


735 


TABLE XXXVII 


Extraction of Ataman Seam Coal 177 




Yield of Extract 


Boiling 

on Basis of 

Solvent 

Point 

Original Coal 


°C 

percent 

Pyridine 

118 

23.30 

22.64 

a-Picoline 

129 

21.74 


Lutidine 

155 

23.04 

20.84 

Collidine 

180-90 

18.34 


Quinaldine 

246 

25.85 


Quinoline 

240 

31.62 


Aniline 

182 

22.87 

22.11 

Toluidine 




ortho 

197 

22.92 

22.89 

vieta 

197 

23.23 

23.74 

para 

198 

19.53 

22.46 

o-Anisidine 

226 

27.31 


Phenetidine 

250 

22.57 


Methylaniline 

190 

26.33 


Dimethylaniline 

192 

8.79 


Diethylaniline 

213 

7.14 


Diphenylamine 

310 

11.56 


Methyldiphenylamine 292 

0.0 


Acetamide 

222 

2.51 


Diethylamine 

57 

2.95 


Piperidine 

106 

2.65 


Pyrrole 

131 

0.0 


Phenol 

181 

21.55 

21.88 

Cresol 




ortho 

190 

19.40 


vieta 

202 

20.25 


para 

203 

20.55 


Thymol 

230 

5.13 



nolic) groups appears to be important, but 
it will be shown later that it is not. The 
difference in yield obtained with the tolui- 
dines was thought to be due to inefficient 
washing of the residue. An active hydro- 
gen in the solvent might influence the yield 
as shown by the extractions with methyl- 
and dimethylaniline. The fact that these 
extractions were made at different tem- 
peratures makes comparison of the results 
difficult. 

Further work by this author on the ex- 
tractions of another Russian coal (Scher- 


binsky) is reported in Table XXXVIII. 
Extraction of coal with some of the solvent 
mixtures, particularly with naphthalene- 
quinoline, by the Pott-Broche process, 
should give very high yields of extract. 
No material balances were reported. 


TABLE XXXVIII 

Extraction of Scherbinsky Coal 377 



Extraction 

Yield of Extract 


Temper- 

on Basis of Dry, 

Solvent 

ature 

Ash-Free Coal 


°C 


percent 


Commercial naphthalene 

220 

53.2 

54.4 

55.4 

Commercial tetralin 

204 

12.9 

14.4 


Crude anthracene 

306 

59.8 

61.4 

62.7 

Crude phenanthrene 


52.4 

53.4 


Coal oil 

154 

2.4 

4.0 


Phenol 

181 

32.1 

32.8 

33.1 

Commercial cresols 

176 

27.8 

28.2 


Solid phenolic residues 

228 

7.8 

7.6 


Aniline 

182 

33.6 

34.2 

34.4 

Commercial quinoline 

238 

54.7 

54.9 

55.0 

Tetralin-phenol (1:1) 

182 

- 31.7 

34.2 


Tetralin-naphthalene (1:1) 

207 

27.3 

28.2 


Tetralin-naphthalene (2:1) 

206 

22.6 

23.2 


Naphthalene-phenol (1:1) 

184 

36.8 

37.6 

37.7 

Naphthalene-quinoline (1 : 1) 

220-40 

51.6 

54.0 

55.2 

Quinoline-phenol (1:1) 

194 

34.7 

36.1 

36.2 


These data have served to indicate the 
great importance of the nature of the sol- 
vent in determining yield. Practically none 
of the accumulated data, however, offers a 
satisfactory explanation of the difference in 
yield obtained with the various solvents. 
Surface tension of a liquid might serve as 
a criterion of its effectiveness as a solvent, 
and several authors have considered it as 
such. Nellensteyn and Roodenburg 178 
have studied the relation between surface 
tension, temperature, and solubility of as- 
phaltic bitumens. Kreulen and co work- 
ers 179 have also considered the surface 

178 Nellensteyn, F. J., and Roodenburg, N. M., 

Kolloidchem. Beihefte , 31, 434-46 (1930) ; Chem. 
Abs 25, 408 (1931) ; 15me Congr . chim. ind. 
( Bruxelles , September 1985), 1936, 1054-7; 

Chem. Abs., 30, 5760 (1936). 

179 Kreulen, D. J. W., Chem. Weekblad, 29, 
518-21 (1932), 81, 104-7, 630-3, 663-6, 758-61 
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tension of a solvent both as an index of 
its ability to dissolve part of the coal and 
as a method of resolving the products of 
extraction obtained with a single solvent. 
They have shown that when the yields of 
extract obtained by various workers are 
tabulated along with the values of surface 
tension (at room temperature and the tem- 
perature of extraction) of the solvent there 
is a tendency for solvents of low surface 
tension to give small yields of extract and 
those with higher values to give greater 
yields. Unfortunately the data used were 
obtained on different coals by various ex- 
perimental procedures and hence are hardly 
comparable. 

According to these authors the product 
obtained from the extraction of coal is an 
organosol, consisting of an oily phase and a 
dispersed phase (micelle phase) containing 
protective compounds and nuclei of humic 
substances. There is an intimate connec- 
tion between these two phases and it was 
believed that a quantitative separation 
could not be made between the two, al- 
though attempts were made to do so by 
reextraction of an extract with solvents of 
different surface tension. Experimentally 
it was found that the fractions obtained 
with solvents of low surface tension (petro- 
leum ether, pentane, etc.) when examined 
(in solution) with an ultramicroscope were 
optically clear, whereas those obtained with 
solvents of higher surface tension were not. 
The micelles were believed to be devoid of 
caking properties, but this was masked by 
the adsorbed oily phase which had caking 
power. The material obtained with sol- 
vents of low surface tension differed from 
the micelle fraction in that it could not be 

(1934). Kreulen, D. J. W., and den Otter, H. P., 
ibid,., 31, 761-5 (1934). Kreulen, D. J. W., 
Brennstoff-Chem., 16, 165-9 (1935). Kreulen, 
D. J. W., and Roodenburg, N. M., ibid., 16, 365-8 
(1935). Kreulen, D. J. W., Natuurw. Tijdschr., 
7, 279-83 (1939). 


converted into humic acids upon oxidation. 
It seems, however, that little can be ex- 
plained by such a theory which cannot be 
covered by assuming that the material ex- 
tracted from the larger part of bituminous 
coal (with the exception of a very small 
amount of occluded hydrocarbons) differs 
chiefly in degree of polymerization or mo- 
lecular complexity. 

Several authors 1S0 have reported that 
the swelling or solution of high-molecular- 
weight polymers, such as cellulose esters 
and ethers, polystyrol, polyvinyl chloride, 
rubber, and Bakelite, appears to be related 
to the function ju, 2 /g (/x = dipole moment, 
g = dielectric constant) of the solvent. 
Ostwald reported that, when surface ten- 
sions of 64 solvents were plotted as ordi- 
nates against the p 2 / g values as abscissas, 
liquids having a solvent action for cellulose 
acetate fell within a small, definitely cir- 
cumscribed zone. The same was true in a 
general way for other polymeric materials. 
Frequently the zone of great solvent activ- 
ity was surrounded by a bounding region 
of lower solvent activity, which was in turn 
surrounded by an unlimited field of swell- 
ing or entirely inactive solvents. Agde 
and Hubertus 155 have reported that the 
amount of swelling in solvents, and solva- 
tion of coal, are related to this function 
and that the greatest swelling and solvation 
was found with solvents having dipole mo- 
ments of about 2.5 and dielectric constants 
of 13 to 20. The data which they give are 
too meager, however, to support such a 
claim. 

Kiebler 165 has studied the relation be- 
tween the physical and chemical nature of 
solvents and the yield of extract. Extrac- 
tions were made at 150, 200, 250, and 

iso Ostwald, W., and Ortlov, H., Kolloid-Z., 
59, 25-32 (1932). Ostwald, W., J. Oil Colour 
Chem. Assoc., 22, 31-46 (1939). Moll, W. L. H., 
Kolloid-Z., 85, 335-41 (1938) ; Koiloidchem. Bei- 
liefte, 49, 1-74 (1939). 
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300° C in small steel bombs charged with 
5 grams of coal and 100 cubic centimeters 
of solvent for 120 hours, after which the 
extract and residue were separated by fil- 
tration and the residue freed of original sol- 
vent and extract in a 120-hour Soxhlet ex- 
traction with ethanol-benzene. It might 
have been better to make the original pres- 
sure extractions in a Soxhlet, but the large 
number of solvents studied would have re- 
quired a much greater period of time. 
Moreover, some of the solvents studied had 
boiling points above the temperature of 
extraction. It was well established that, 
under the conditions of extraction, at no 
time was the solvent saturated with extract. 

A statistical analysis was . made of the 
values of yield of extract and various 
physical properties of the solvent. Among 
the properties considered were: internal 
pressure, surface tension at room tempera- 
ture and that extrapolated to the tempera- 
ture of extraction, dipole moment, dielec- 
tric constant, latent heat of vaporization at 
the boiling point and at the temperature of 
extraction, refractive index, specific refrac- 
tion, molecular volume, parachor, and the 
ratio of the square of the dipole moment to 
dielectric constant. Of this group internal 
pressure gave the most significant relation- 
ship to yield, as shown by correlation coef- 
ficients. 

Internal pressures were calculated by the 
formula: 

T j_ , (A H V -RT)D, 

Internal pressure = 

m 



where m is the molecular weight of the sol- 
vent, D is the density, R is the gas con- 
stant in calories per degree, A H v is the 
heat of vaporization in calories per mole, 
V is the molecular volume (m/D), and 
A E is the energy of vaporization per mole. 


Values of yield and internal pressure are 
given in Table XXXIX. The solvents 
studied at 300° C were those of the 200° C 
list which were proved to be stable at this 
higher temperature in the presence of coal. 
The solvents studied at 150 and 250° C 
were selected from a 200° C plot of yield 
versus internal pressure, in order that data 
at four temperatures could be placed on a 
comparative basis. 

TABLE XXXIX 

Yield on Extract from a Pittsburgh Seam 
Coal at Several Temperatures together 
with Certain Physical Data for the Sol- 
vents Used 165 



Yield 

Balance 



Based on 

on Re- 

Internal 


Recovery of 

covery of 

Pres- 


Organic 

Organic 

sure, 

Solvent 

Material 

Material 

Pi 




calories 
per cubic 


percent 

percent 

centimeter 


150° C 



Ethyl benzene 

4.5 

100.5 

53.5 

p-Cymene 

4.6 

100.8 

50.0 

Toluene 

5.7 

100.0 

52.2 

Naphthalene 

11.5 

104.0 

74.1 

o-Phenyl phenol 

16.3 

99.4 

86.5 

Phenol 

21.0 

105.7 

120.0 


200° C 



Cetyl alcohol 

3.0 

99.9 

61.7 

Cyclohexane 

3.2 

99.5 

27.7 

Heptane 

4.8 

97.6 

21.6 

Ethyl acetate 

7.0 

101.1 

34.5 

Ethylene glycol 

7.6 

100.2 

162.2 

Ethyl propionate 

7.7 

100.7 

30. S 

w-Propyl acetate 

S.l 

101.3 

32.0 

Isopropanol 

8.1 

101.5 

39.6 

Ethanol 

8.3 

100.6 

54.4 

Dibenzyl 

9.1 

97.9 

62.7 

p-Cymene 

9.3 

101.1 

41.2 

Benzene 

9.7 

100.6 

35.8 

Ethyl benzene 

9.9 

100.8 

41.4 

74 -Propanol 

9.9 

102.8 

57.2 

Toluene 

10.1 

100. S 

39.1 

71 -Butanol 

10.9 

101.5 

57.9 

Methyl ethyl ketone 

11.0 

102.0 

30.2 

p-Chlorotoluene * 

11.1 

102.5 

52.4 

* Corrected for 

solvent on 

the basis 

of excess 

Cl; yield = 10.7% 

; balance = 

: 97.8%. 
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TABLE XXXIX— Continued 

Yield of Extract from a Pittsburgh Seam 
Coal at Several Temperatures together 
with Certain Physical Data for the Sol- 
vents Used 165 


Yield Balance 



Based on 

on Re- 

Internal 


Recovery of 

covery of 

Pres- 


Organic 

Organic 

sure, 

Solvent 

Material 

Material 

Pi 


percent 

percent 

calories 
per cubic 
centimeter 

Bromobenzene t 

200° C 

11.9 

105.7 

57.5 

Carbitol 

12.4 

100.8 

76.5 

Cellosolve 

12.6 

101.3 

74.1 

p-Dichlorobenzene X 

12.9 

100.3 

67.5 

Phenyl ether 

13.0 

101.4 

63.0 

n-Hexanol 

13.9 

103.5 

58.8 

Biphenyl 

14.0 

100.2 

69.8 

Chlorobenzene § 

14.2 

101.7 

59.7 

Anisole 

14.9 

101.8 

52.8 

/3-Phenyl ethyl alcohol 15.5 

99.8 

85.9 

Naphthalene 

15.6 

100.3 

62.3 

Tetralin 

16.3 

102.1 

61.4 

Dioxane 

16.6 

101.5 

51.1 

Phenyl salicylate 

16.7 

104.1 

57.0 

Quinoline || 

17.4 

103.3 

72.2 

Phenyl benzoate 

19.4 

108.5 

71.2 

Pyridine If 

20.0 

103.8 

56.9 

Methyl benzoate 

20.1 

106.4 

72.9 

Thymol 

20.7 

104.5 

53.8 

Methyl salicylate 

20.8 

106.7 

94.0 

Guaiacoi 

21.2 

104.4 

72.6 

Cyclohexanol 

21.7 

105.5 

72.7 

Acetophenone 

24.0 

100.9 

60.7 

Aniline ** 

24.4 

108.3 

77.1 

o-Phenyl phenol 

25.0 

103.8 

78.9 

m-Cresol 

31.4 

105.8 

83.0 

Phenol 

32.1 

105.8 

101.3 

p-Cymene 

250° C 

11.6 

102.5 

32.6 

Ethyl benzene 

11.7 

103.1 

30.0 

Toluene 

12.8 

102.2 

27.4 

t Corrected for 

solvent on 

the basis 

of excess 

Br ; yield = 9.2% ; 

; balance = 

97.8%. 


$ Corrected for 

solvent on 

the basis 

of excess 

Cl; yield = 12.9% 

; balance = 99.6%. 


§ Corrected for 

solvent on 

the basis 

of excess 

Cl; yield = 14.2% 

; balance = 

= 100.8%. 


1 1 Corrected for solvent on 

the basis of excess 

N ; no change. 

If Corrected for 

solvent on 

the basis of excess 

N ; yield = 20.1% ; balance - 

= 99.7%. 


** Corrected for solvent on the basis of excess 

N; yield = 24.4% 

; balance = 

» 90.7%. 



Yield Balance 



Based on 

on Re- 

Internal 


Recovery of 

covery of 

Pres- 


Organic 

Organic 

sure, 

Solvent 

Material 

Material 

Pi 




calories 
per cubic 


percent 

percent centimeter 

Naphthalene 

17.8 

102.7 

49.7 

o-Phenyl phenol 

33.2 

110.1 

70.4 


O 

o 

O 

O 

00 



Toluene 

16.0 

100.2 

8.5 

p-Cymene 

18.0 

101.1 

24.8 

Ethyl benzene 

20.0 

101.8 

16.3 

Phenyl ether 

24.6 

100.3 

46.1 

Biphenyl 

27.9 

99.4 

53.2 

Naphthalene 

29.6 

102.1 

36.8 

Dibenzyl 

34.0 

100.8 

48.7 

Pyridine tt 

34.9 

104.3 

24.1 

Phenol 

39.7 

104.4 

71.7 

7n-Cresol 

40.4 

111.4 

53.8 

Aniline 

48.4 

113.9 

47.7 

o-Phenyl phenol 

49.1 

111.2 

59.9 


ft Corrected for solvent on the basis of excess 
N ; yield = 34.9% ; balance — 102.7%. 

ti Corrected for solvent on the basis of excess 
N ; yield — 48.4% ; balance * 96.5%. 

Note : These corrected yields and balances 
were made on the assumption that the halogen 
or nitrogen was distributed through the extract 
and residue in direct proportion to the amount 
of each, and, moreover, in the corrections for the 
nitrogen-containing solvents, it was assumed that 
the original nitrogen of the coal was distributed 
proportionately between the extract and residue. 

Some additional solvents — carbon tetra- 
chloride, nitrobenzene, catechol, benzalde- 
hyde, benzoic acid, a-naphthol, carbon di- 
sulfide, p-chlorophenol, furfuryl alcohol, 
morpholine, bromoform, thiophene, and 
ethyl carbonate — not shown in the table, 
were tested at 200° C. These solvents de- 
composed or reacted with the coal to such 
an extent that no true value of yield could 
be obtained. With furfuryl alcohol, poly- 
merization to a hard black mass, insoluble 
in all solvents tried, occurred. At 300° C, 
a-naphthol gave a yield of extract of more 
than 60 percent, but the solvent was en- 
tirely transformed to a-dinaphthylene ox- 
ide, the hydrogen liberated probably being 
responsible for the high yield. It might be 
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pointed out that the thermal stability of a 
compound alone may not justify its use as 
a solvent. Several investigators 181 have 
found that coal is capable of serving as an 
oxidizing, agent. Ashmore and Wheeler 
reported that, in the extraction of coal at 
elevated temperatures, benzene may be 
converted to phenol and acetaldehyde was 
produced when finely ground lignite was 
boiled in ethyl alcohol. The formation of 
phenol in benzene extractions was suggested 
as an explanation for the large amount of 
phenol found by Bone in the extract of 
brown coals. These authors further stated 
that extraction of coal with mixtures of 
xylene and amyl alcohol resulted in a par- 
tial condensation of these materials, with 
or without subsequent oxidation, to form 
products which could be confused with the 
actual extract. 

Table XL gives the values of the corre- 
lation coefficients obtained and equations 
relating internal pressure and yield of ex- 
tract at the temperatures studied. 165 The 

TABLE XL 

Correlation Coefficients of Yield (Y) 
Based on Recovery of Organic Material 
versus Internal Pressure (Pi) and Equa- 
tions Relating Those Quantities at the 
Several Temperatures Studied 165 

Tempera- Correlation Number of 


ture 

Coefficient 

Equation 

Solvents 

°C 

150 

0.98 

Y « -7.36 + 0.247 P* 

6 

200 

0.98 

Y = -5.44 + 0.369P»* 

6 

200 

0.98 

Y = - 5.44 + 0.369P* 

6 

250 

0.97 

Y = -3.06 + 0.487P; 

5 

300 

0.91 

Y * 8.67 + 0.552 Pi 

6 

200 

0.74 

Y = -1.55 + 0.274P* 

44 * 

200 

0.77 

Y « -2.08 + 0.300P; 

31 f 

300 

0.73 

r = 14.31 + 0.429Pt 

12 

* All solvents except glycol. 
tNonaliphatic solvents. 

isi Ashmore, J. E. } and Wheeler, R. V., J 


Chern . 8 oc., 136, 1405-8 (1933). Yohe, G. R., 
and Harman, C. A., J. Am. Chem. Soc., 63, 555-6, 
(1941). 


equations were fitted to the data by a least- 
squares method, and it was assumed that 
the relationship between yield and internal 
pressure was linear since insufficient data 
were available to indicate that it should be 
otherwise. The probability of no relation 
existing between yield and internal pres- 
sure was found to be less than 1 in 100 for 
the smaller groups of solvents and very 
much less than this for the 44 solvents 
studied at 200° C. 

Figures 9 and 10 are plots of the data ob- 
tained in this work. It will be noticed that 



Pig. 9. Yield of extract, Y, based on recovery 
of organic materials versus internal pressure, 
at 200° and 300° C. 165 
O Aliphatic solvents at 200° C. 

# Nonaliphatic solvents at 200° C. 

-f Nonaliphatic solvents at 300° C. 

the lines and equations for the 200 and 
300° C data are not the same for the two 
groups of solvents which were studied at 
each of these temperatures. These differ- 
ences are not significant since the probable 
errors in the constants of the equations are 
of such magnitude that the differences 
might be due to chance. 

The high values of the correlation coeffi- 
cients at 150 and 250° C would lose signifi- 
cance because of the small number of sol- 
vents studied if it were not for the fact 
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that good correlations were obtained at 200 
and 300° C with larger numbers of solvents. 
Poorer correlation at 300° C is probably 
due to two reasons. First, the physical 
data for the solvents for calculation of in- 
ternal pressure were extrapolated from 
known values and hence became more in 
error as the temperature of extraction de- 
parted from the temperatures at which the 
values were known to be accurate, and sec- 



Fig. 10. Yield of extract, 7 , based on recov- 
ery of organic material versus internal pres- 
sure, P t . 185 

• 150° C, o 200° C, □ 250° C, + 300° C. 

ond, since the experimental error increased 
with yield, the increase in yield with tem- 
perature would be accompanied by an in- 
crease in experimental error. 

It is surprising that the correlation of 
yield with internal pressure is as high as 
observed when it is considered that the 
solvents studied included such a wide va- 
riety of chemical compounds, many of 
which were strongly polar. Hildebrand 182 
considered this function a criterion of solu- 
bility for nonpolar liquids only. In deter- 
mining the coefficients and equations given 
in Table XL, the data for glycol were not 
used since they were not concordant with 
the other data; at 200° C, ethylene glycol 

182 Hildebrand, J. H., Solubility of Non-Elec- 
trolytes, 2nd ed., Beinhold Publishing Corp., New 
York, 1936, p. 103. 


had the highest internal pressure and was 
one of the poorest solvents studied. 

Internal pressure is obviously not the 
only factor in determining yield. In order 
to determine whether other factors are in- 
dependently important, plots were made of 
the deviations of yield from the line at 
200° C against several other physical prop- 
erties. The scattering of points showed no 
regular trend in any of the plots, indicating 
that these properties either have no influ- 
ence or are automatically taken into con- 
sideration in internal pressure — a more 
likely hypothesis in view of the fact that 
many physical properties are interrelated. 
In an attempt to correlate surface tension 
with yield, it was found that a significant 
coefficient was obtained at 200° C only with 
the aliphatic solvents. No significant cor- 
relation was obtained at 300° C where only 
nonaliphatic solvents were studied. 

The yield of extract insoluble in a sol- 
vent of low internal pressure, such as ethyl 
ether or pentane, bears a direct relation to 
the internal pressure of the solvent with 
which the extract was originally obtained 
from the coal. If the yield of ether-insolu- 
ble material is taken as a measure of the 
primary degradation of the coal substance, 
then solvents of high internal pressure not 
only give greater yields of extract but also 
do so with less secondary decomposition. 
When the amount of ether-insoluble mate- 
rial was recalculated on the original coal 
basis (through the weights of extract 
found), correlation coefficients with inter- 
nal pressure very similar to those given in 
Table XL were obtained. 

The equations relating internal pressure 
and yield are of the form Y = a 4- &P* 
where a and b are constants depending on 
temperature. The general type of these 
equations might be interpreted provision- 
ally as supporting the- idea that the yield 
of extract is determined in part by the ex- ‘ 
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tent of thermal depolymerization of the 
coal and in part by the extent of solvent 
depolymerization. Also provisionally, the 
fact that the value of the constant a be- 
comes positive somewhere between 250 and 
300° C may be interpreted to mean that 
within this temperature range thermal de- 
polymerization has progressed to the stage 
where the products have a molecular weight 
of the order of 200 to 500, which is the 
range observed for extracts obtained with 
various solvents. 

Mathematical analysis of the data given 
in this paper indicated that on a prob- 
ability basis the equation for the nonali- 
phatic solvents was not significantly differ- 
ent from the equation for all the solvents 
studied (200° C). The equation for the 
aliphatics, on the other hand, had a much 
different slope. It was further shown that 
the difference between nonaliphatics with 
and without hydroxyl was not significant. 

Kuznetzov 177 reported data which indi- 
cated that the yield of extract was not gov- 
erned by the chemical nature of the sol- 
vent. When the coal residue from phenol 
extractions was further extracted with py- 
ridine, the yield was only 1.04 percent. 
Pyridine alone extracted 22.87 percent 
(average) ; phenol, 21.71 percent. The 
1.16 percent difference is in good agree- 
ment with 1.04 percent when factors such 
as experimental error and oxidation are 
considered. Diethylaniline extracted only 
7.14 percent, and aniline extracted a fur- 
ther 17.74 percent or a total of 24.88 per- 
cent. This figure is only about 2 percent 
above the figure given for aniline alone. 
Though agreement closer than this was at- 
tained in the two aniline runs, several of 
the other experiments gave yields which 
differed by more than 3 percent. 

In Kiebler’s work, it was reported that 
when phenol residues were reextracted with 
aniline, a less powerful solvent, practically 


no yield was obtained. On the other hand, 
if the coal was first extracted with aniline 
and then with phenol, the total yield ob- 
tained was very slightly less than with 
phenol alone. 

These data, and some presented earlier 
on the extraction of brown coal with ben- 
zene and acetone, 54 might be taken as evi- 
dence in support of the theory that the 
successive extraction of coal with two (or 
more?) solvents of different solvent powei 
will result in the solution of the same 
amount of material as would be removed 
by the better solvent alone. Incomplete 
extraction in Kuznetzov’s work and oxida- 
tion between extractions in Kiebler’s have 
introduced errors (apparently, however, 
within the experimental accuracy of the 
work) which prevent the absolute estab- 
lishment of this opinion. 

Extraction of coal with phenol has 
been reported by a number of workers, 183 
Frazer and Hoffmann having made the 
most elaborate study. By means of this 
solvent they were able to extract 10.87 
percent of a noncoking coal (Franklin 
County, 111.) at about 140° C. The ex- 
tract after being freed of phenol was sub- 
divided by less powerful solvent into 
various fractions. The many specimens 
obtained showed varying physical proper- 
ties and several gave evidence of being 
pure compounds, but lack of sufficient 
quantities for study prevented the absolute 
proof of this opinion. Parr and Hadley 
extracted two Illinois coals with phenol at 

183 Guignet, C. E., Compt. rend., 88, 590-2 
(1879). Frazer, J. C. W., and Hoffmann, E. J., 
U. B. Bur. Mines , Tech. Paper 5, 5-20 (1912). 
Parr, S. W., and Hadley, H. F., Illinois ZJniv. 
Eng. Exp. Bta Bull. 76 (1914), 41 pp. ; J. Soc. 
Chem. Ind. 9 34, 213 (1915) ; J. Gas Lighting , 
129, 260 (1915). Gillet, A., and Detaille, H., 
Chimie & Industrie, 1928, Spec. No., 164-5. Raas- 
chow, P. E., Trans . World Power Conf ., Tohyo 
Sect. Meeting , 1, 44-71 (1929) ; Chem. Als., 26, 
2299 (1932). Suiskov, K. I., and Ushakova, A. 
A., Kolloid-Z., 76, 213-6 (1936). 
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110° C and obtained 35 to 40 percent ex- 
tract. Both the extract and residue were 
easily oxidized and readily absorbed mois- 
ture and carbon dioxide. It was found 
that the extract contained more volatile 
matter than the residue, but both had the 
same ultimate analysis. Oxidation of the 
extract and residue lowered the amount of 
volatile matter from each. 

Solvent extraction has played an impor- 
tant part in the study of the chemical con- 
stitution of coal. Relative to this, refer- 
ence has been made to the studies of Bone 
and coworkers who showed through oxida- 
tion of the benzene pressure residues that 
the greater part of the coal has a benzenoid 
nature. Other experiments 184 on oxidation 
of the extract gave similar products. The 
actual identification of chemical constitu- 
ents has been frequently reported in the 
extraction studies of the lower-rank coals 
but not for bituminous coal. Some work 
has been reported on the presence of sol- 
uble resins 39 > 40 » 43 > 185 in the higher-rank 
coals, which have been given names such 
as middletonite, pyroretine, reussinite, scle- 
retinite, rosthornite, anthrakoxen, guyaqui- 
lite, and berengelite. 186 However, their 
exact chemical nature is not known. 

Occluded materials, other than resinous, 
have been reported from time to time, the 
origin of which is purely a matter for 

184 Bone, W. A., Horton, L., and Ward, S. G., 
Proc. Roy. Soo. (London), A127, 480-510 (1930). 

iss Siepmann, P., Z. Berg.-hutten u. Salinen- 
wesen, 39, 26-31 (1891). Smith, W., J. Soc . 
Chem. Ind., 10, 975-80 (1891). Smith, W., and 
Chorley, J.C., ibid., 11, 591-2 (1892), 12, 221-2 
(1893). Wheeler, R. V., and Wigginton, R., Fuel , 

I, 10-14 (1922). White, D., U. S: Geol. Survey, 
Professional Paper S3, Part E (1913), p. 66. 
Francis, W., and Wheeler, R. V., J. Chem. Soc ., 
127, 2236-45 (1925), 129, 1410-2 (1926). Hoff- 
mann, E., and Kirchberg, H., Brennstojf-Chem 

II, 389-94 (1930). 

186 Hinrichsen, F. W., and Taczafc, S., Die • 
Chemie der Kohle, W. Engelmann, Leipzig, 1916, 
p. 93. See also p. 203 of ref. 8 and p. 301 of 
ref. 38. 


speculation. Among the products isolated 
have been many paraffin hydrocarbons. 
Compounds such as these could have origi- 
nated by a decarboxylation of fatty acids 
as suggested earlier; however, the presence 
of paraffins in coal seams, usually near a 
fault, 187 has been reported and perhaps 
indicates that they were formed at in- 
creased temperatures caused by earth 
movement. 

Donath 188 reported that one fraction of 
an extract obtained from a coking coal 
(Rossitz) gave color reactions with formal- 
dehyde characteristic of anthracene and 
chrysene, but neither of these materials 
could be isolated, and Pictet and Ram- 
seyer 189 succeeded in isolating hexahydro- 
fluorene from the benzene-soluble portion 
of a high-volatile bituminous coal (Mon- 
trambert) . 

Pictet 138 » 189 » 190 and collaborators ex- 
tracted 5,200 kilograms of a high-volatile 
Saar coal with benzene at the boiling point, 
obtaining a yield of 0.25 percent. The part 
soluble in petroleum ether consisted of a 
mixture of hydrocarbons, bases, and alco- 
hols, the last two in small amounts. The 
hydrocarbon mixture was made up of 
about 25 percent saturated and 75 percent 
unsaturated compounds. All the saturated 
hydrocarbons isolated were monocyclic 
naphthenes. Separation of the extract with 
acids, bases, solvents (sulfur dioxide and 
organic), and steam distillation gave the 
products shown in Table XLI. A few of 
the fractions had boiling-point ranges 

187 Kirkuk, H., Q-liiclcauf, 45, 60 (1909). Cohen, 
J. B., and Finn, C. P., J. Soc. Chem. Ind 31, 
12-5 (1912). Stopes, M. C., and Wheeler, R. V., 
Fuel, 3, 63-7 (1924). 

iss Donath, E., Chem.-Ztg., 32, 1271-3 (1908). 

189 Pictet, A., and Ramseyer, L., ibid., 35, 865, 
907 (1911) ; Ber., 44, 2486-97 (1911). 

190 Pictet, A,, Ramseyer, L., and Kaiser, O., 
Compt. rend., 163, 358-61 (1916). Pictet, A., 
and Kaiser, O., Chem.-Ztg., 40, 211 (1916). 
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TABLE XLI 

Compounds Isolated from a Bituminous 
Coal Extraction with Benzene 13Si 189 * 190 


Saturated 


Compound 

Formula 

Boiling 

Point 

Naphthene 

C S H 10 

°C 

118-122 

Naphthene 

C 9 H w 

135-138 

Naphthene 

C10H20 

172-174 

Naphthene 

C11H22 

190-192 

Naphthene 

C 12 H 24 

215-216 

Naphthene 

C13H26 

227-229 

Melene 

C30H6O 

300-302 (0.5 mm) 


Unsaturated 

Dihydrotoluene 

C7H10 

108-110 

Dihydro-m- 

xylene 

C 8 Hi2 

135-137 

Dihydro- 

mesitylene 

C9H14 

166-168 

Dihydro- 

prehnitene 

C10H16 

180-182 


C11H16 

200-202 


CnHie 

214-216 


CnHifi 

225-227 


C12H16 

235-238 


C12H14 

264 r -266 


C13H16 

240-250 


Cl 3 Hi6 

282-287 


Ci 3 Hi 2 

251-254 


C14H16 

236-238 


C17H20 

274-277 


C7H140 

170-175 


C 8 HioO 

185-190 


C9H12O 

198-200 


C10H14O 

213-215 


CnHieO 

226-228 

Toluidine 

Bases 

C 7 Hi 3 N 

C7H9N 

198-203 


c 8 h 7 n 

225 


C9H9N 

247-250 


C10H11N 

250-260 


C11H13N 

260-265 


C12H15N 

270-280 


which were too wide for pure compounds. 
The compounds were characterized through 
their analysis, molecular weight, density, 
index of refraction, oxidation, reaction with 
bromine and nitric acid, and through the 
picrates. The extract was feebly levorota- 
tory ([«]§ = —0.08°), becoming dextroro- 
tatory ([a]f> = +0.27°) after the hydroxy 
compounds were eliminated. Some of the 
above compounds were also isolated in 
vacuum tar and might therefore be re- 
garded as having been derived from the 
coal by simple volatilization. No optically 
active compounds were indicated in the tar, 
and it was suggested that volatile constitu- 
ents of the coal were racemized at the 
temperature of distillation (450° C). 

Results similar to those of Pictet et al. 
were obtained by Hofmann and Damm, 191 
who obtained 51 kilograms of extract by ex- 
tracting 500 kilograms of an Upper Silesian 
bituminous coal with pyridine. Of this 
amount about 15 kilograms was obtained 
with cold, and the remainder with hot, sol- 
vent. This extract was divided into an 
ether-soluble (22 percent) and -insoluble 
part, and the soluble was further separated 
into acidic, basic, and neutral fractions. 
The neutral ether-soluble part of the extract 
(16 percent of extract or 1.6 percent of the 
coal) was subjected to a thorough chemical 
investigation. Of these neutral oils, ^about 
half distilled below 290° C at 1 mm. Separa- 
tion of this material with solvents and re- 
agents yielded a large number of individual 
components in an apparently fair state of 
purity. The formulas assigned to a few of 
these compounds, however, are questionable. 
Among the compounds isolated were: (1) 
solid paraffins, all members from C21H44 to 
C27H56, inclusive, of which the higher mem- 
bers resembled the “melon” of Pictet, sug- 

191 Hofmann, F., and Damm, P., Brennstoff - 
Ghent., 3, 73-9, 81-91 (1922), 4, 65-73 (1923). 
Hofmann, F., J. Q-asheleucht., 64, 642 (1921). 
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gesting that melene is actually a mixture of 
these hydrocarbons ; 192 ( 2 ) saturated hydro- 
carbons of the series CnH 2 n-2, CnH 2 o, 
C13H24 (two compounds with different boil- 
ing points), C14H26, C15H28, and C16H30 
which boiled from 210 to 295 ° C; higher- 
boiling saturated hydrocarbons (b.p. 215 to 
270 ° C at 2 mm), C17H30, C17H28J CisH 2 8 
(2 compounds), C19H30, C22H36 (2 com- 
pounds), C32H36, and C24H40; ( 3 ) unsatu- 
rated hydrocarbons, CgHi 2 , C9H14, CioHie, 
CnHis, C12H18 (2 compounds), C13H18 (3 
compounds), Ci 4 Hi 8 (4 compounds), C15H20, 
Ci 6 H 2 o (3 compounds), C17H22, Ci 8 H 2 2 (2 
compounds), C19H24, C 2 iH 2 6 , and C15H12. 
This last compound was definitely identified 
as methylanthracene. Donath 193 had previ- 
ously claimed to have indicated the presence 
of this compound in a coal extract by the use 
of color reactions. 

Hofmann and Damm pointed out that the 
unsaturated hydrocarbons isolated by them 
differed somewhat from those of Pictet, but 
were probably partially reduced polynuclear 
aromatic compounds (naphthalene, anthra- 
cene, etc.). The exact chemical nature of 
these compounds isolated was not clear but 
appears to include paraffins, bi-, tri-, and 
polycyclic naphthenes and their derivatives, 
diphenyl derivatives, and partially hydro- 
genated and substituted aromatic com- 
pounds. 

Berl and Schildwachter 163 extracted two 
high-volatile bituminous coals with tetralin 
in an autoclave at 250 ° C and obtained 
yields of 20.3 and 16.6 percent, respectively. 
The extract from one of them was found to 
contain 1.43 percent acidic compounds (solid 
phenols), 0.034 percent bases, 7.84 percent 
asphaltic and resinous compounds, and 27.1 
percent neutral oils (79 percent unsaturated) . 
From the saturated hydrocarbon fraction of 

192 Marcusson, J., and Bottger, F., Bet., 57, 
633-5 (1924), consider melene to be a paraffin. 

193 Donath, E., Z. angew. Chem 19, 657-68 
(1906); Chem.-Ztg., 43, 497-9 (1910). 


the neutral oils, compounds having the 
formulas C22H46, C24H50, and C30H62 or 
C30H60, and, from the unsaturated fraction, 
compounds of the formulas Ci 2 H 2 o, C14II22, 
C15H22, Ci6H 2 2j C17H24, C18H24, C19H24, 
C19H26, C19H24, C22H28, C25H32, and C26H34 
were isolated. Characterization of these 
compounds was on the basis of analysis and 
molecular-weight determinations. 

The above work and that of others 194 
represents only a few percent of the coal 
and tells nothing of the larger part of the 
coal mass itself or, for that matter, of a 
typical extract obtained under pressure. 
The large amount of hydrocarbon material 
does, however, suggest that units of struc- 
ture containing the least oxygen are least 
firmly bound in the coal molecule. 195 

In Asbury’s first paper 146 he reported 
data which have served as a nucleus in 
obtaining a considerable amount of infor- 
mation on the specific constitution of Eden- 
born coal and very probably on other coals 
of similar rank. The material from the 
benzene pressure extractions was divided 
into acidic, basic, and neutral ether-soluble 
and -insoluble fractions. Table XLII is a 
summation of the results. With the ex- 
ception of the extract from /i-coal, the 
total acids, bases, and phenols constituted 
less than 3 percent of the extract in com- 
parison to the high-vacuum distillation of 
Edenborn coal which yielded about 12 per- 
cent of these materials. 

The effect of heating on the chemical 
nature of the extract is shown in Fig. 11 
and on a cumulative basis in Fig. 12. It 
will be noticed that there was a general 
rise in acidic, basic, phenolic, and neutral 
ether-soluble material with increasing tem- 

194 Hackford, J. E., Mining and Met., 163, 
35-6 (1920). Vener, R. A., and Oral’nikova, L. 
M., Khim. Tverdogo Topliva, 6, 619-34 (1935) ; 
Chem. Abs., 30, 8566 (1936). 

195 Lowry, H. H., Ind. Eng. Chem., 26, 133-9, 
320-4 (1934). 
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Fig. 11. Effect of temperature of heating on yield of extract constituents produced at each 
temperature (percentage in extract removed after each heating). 146 


TABLE XLII 


Composition of Extracts Obtained by Ex- 
traction with Benzene 146 


Coal size 

4-8 

16-20 60-80 


Temperature, °C 
Total time of ex- 

260 

260 

260 

260 

traction, hours 
Percent of extract as 

47 

44 

38 

302 

acids 

0.37 

0.81 

0.72 

8.0 


0.59 

0.61 

0.38 

0.5 

phenols 

neutral: 

1.73 

0.17 

0.47 

3.5 

ether-insoluble 

48.7 

63.4 

61.4 

33.1 

ether-soluble 

36.7 

30.4 

36.3 

60.2 

Losses 

11.8 

4.13 

0.67 

-5.2 


peratures up to 425°, after which a de- 
crease in phenols, bases, and acids oc- 
curred. The neutral ether-insoluble ma- 
terial decreased with rising temperature, 
indicating the probable formation of acidic, 


basic, and phenolic bodies from the neutral 
ether insolubles. These data and those in 
Table XLIII support the concept that the 
neutral ether-insoluble fraction of the ex- 

TABLE XLIII 

Relation between Thermal Treatment and 
Yield of Neutral Ether-Insoluble Mate- 
rial 196 

Yield of Neutral 
Extract Ether 
or Con- Insoluble 
Treatment densate Material 

percent percent 

1,000 ° C small tube furnace 15.2 0.27 

527° C Fischer retort 17.63 2.78 

527 ° C vacuum still 21.39 7.11 

240 0 C benzene extraction 12.3 7.23 

196 Juettner, B., and Howard, H. C., Contrib. 
8, Coal Research Laboratory , 1933, 22 pp. 
Lowry, H. H., J. Inst. Fuel , 10, 291-301 (1937). 
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Fig. 12. 



Total cumulative percent of eaeli extract constituent versus temperature (based on coal). 140 


tract is an index of the primary degrada- 
tion of the coal substance. 

In Table XLII , the / 4 -coal showed a 
yield of phenolic and acidic material which 
was out of line with the other coal sizes. 
Asbury did not comment on this, but an 
explanation may be that the conversion of 
ether-insoluble to acidic materials was tak- 
ing place slowly even at the low extraction 
temperature of 260° C, and, since the ex- 
traction time for the coal was roughly 
7 to 8 times as long as for the other sizes, 
a greater amount of acidic material would 
be formed. Note too that such a mecha- 
nism can explain away the inversion of the 
amount of neutral ether-soluble and -in- 
soluble materials in going from the other 
particle sizes to the jtr-coal. 

In appearance the residue from the ben- 
zene extract resembled the original coal 
except for a slight decrease in luster. The 


volume of pores less than 6jx in diameter 
was twice as great in the residues from 
the 260° C extraction as in the original 
coal. 

In the extractions made by Asbury with 
aniline, tetralin, and phenol, the data 
given in Table XLIV were obtained. 164 It 
will be noted that there was a tendency for 
the phenols to increase with temperature 
while the ether insolubles decreased in 
amount. 

The values for molecular weight are in- 
teresting in that they show the effect of 
temperature and the nature of the solvent. 
The molecular weights of the benzene ex- 
tracts were in the neighborhood of 280 197 
as determined in catechol. 198 Too much 
stress, however, should not be placed on 

197 Howard, H. C., J. Phys. Ohem 40, 1103-12 
(1936). 

198 Smith, It. C., and Howard, H. O., J . Am. 
Chem. Soc., 57, 512-6 (1935), 58, 740-2 (1936). 
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Solvent 

Aniline 

Temperature of extraction, °C 

225 

Total extract, percent 

47 

Composition of extract: 


acids 

0.07 

bases 

1.30 

phenols 

0.48 

ether solubles 

12.78 

ether insolubles 

95.40 

Molecular weight of ether insolubles 

354 


these values since it has never been firmly 
established whether the extracts were in 
true solution or partially in solution and 
partially in colloidal suspension. This ap- 
plies both to the original solution during 
extraction and to that in the cryoscopic 
solvent. Considerable variation takes place 
in the molecular-weight measurements, de- 
pending on the cryoscopic medium, the 
strongly polar solvents such as catechol 
giving the lowest values. This again is 
evidence for depolymerization of the coal 
bitumens in the solvent. The low molecu- 
lar weights of these extracts are not in 
agreement with their physical properties 
since they cannot be distilled in vacuo con- 
sistent with the behavior of certain other 
coal products and polymers. 197 * 19S * 199 » 200 

Biggs 200 separated the extract obtained 
by Asbury into fractions : I, soluble in cold 
petroleum ether; II, insoluble in cold 
petroleum ether but soluble in ethyl ether 
after exhaustive extraction in a Soxhlet; 
and III, insoluble in ethyl ether. Fraction 
I contained hydrocarbons which made up 
about 2.3 percent of the coal, and since 
similar material had already been studied 
by others it was not investigated. The 

199 Kasehageri, L., Ind. Eng. CTiem ., 29, 600-4 
(1937). 

200 Biggs, B. S., J. Am. Chem. Soc., 58, 484-7 
(1936). 


Tetralin Phenol 


250 

300 

350 

400 

250 

33.8 

17.0 

30.8 

3.9 

66.7 

1.2 

0.9 

0.6 

0.3 

0.2 

0.5 

0.4 

0.6 

1.1 

0.2 

0.9 

1.0 

1.8 

2.0 

1.0 

38.2 

25.5 

31.3 

69.2 

10.5 

59.2 

72.3 

65.7 

27.4 

86.4 

305 

407 

293 

205 

358 


molecular weights of II and III were ap- 
proximately the same in catechol (285), 
but, in diphenyl, II gave a value of 470 
and III a value greater than 1,000. The 
fact that the catechol values were about 
the same is evidence that the two frac- 
tions differed more in molecular size or 
degree of association than in chemical 
nature. Similar conclusions can be drawn 
from Weiler's work 201 on the halogenation 
of coal, extract, and residue, from the work 
of Biggs 202 on the hydrogenation and oxi- 
dation of extract and residue, and from the 
work of Kasehagen 199 on the alkali treat- 
ment of coal and extract. The extracts 
studied by these investigators were freed of 
petroleum-ether-soluble material. Hydro- 
genation of fractions II and III also indi- 
cated their similarity since, when the prod- 
ucts were considered separately, no differ- 
ences could be detected. The material 
from the hydrogenation was made up al- 
most exclusively of entirely or partially 
hydrogenated aromatics. Dehydrogenation 
yielded products, again aromatic, contain- 
ing monocyclic, bicyclic, and higher ring 
systems. The following hydrocarbons were 
isolated and definitely identified: C 10 H 8 
(naphthalene), C n H 10 ( ^-methylnaphtha- 

2 ox Weiler, J. F., Fuel , 14, 190-6 (1935). 

202 Biggs, B. S., J. Am. Chem. Soc., 58, 1020-4 
(1936). 
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iene), C 12 H 12 (two found, thought to be 
dimethylnaphthalenes) , C 16 H 10 (isomeric 
with pyrene but apparently not this com- 
pound) , and C 18 H 16 . It was further shown 
by Biggs that the oxygen of the extract 
was neither carboxyl, methoxyl, nor car- 
bonyl. Some hydroxyl oxygen was pres- 
ent, and by elimination it was indicated 
that one-fourth of the oxygen of II and 
three-fifths of that of III must occur as 
ether linkages or in heterocycles. It was 
also shown by Biggs 202 that the pseudo- 
bitumens obtained by the hydrogenation of 
the benzene pressure residue had properties 
in close agreement with those of the bitu- 
mens obtained with solvents. 

Because of its remarkable solvent effect 
on bituminous coal, pyridine has been 
studied by a large number of investigators. 
Bedson 203 studied the effect of this sol- 
vent and found that Manjok coal from 
Barbados was completely soluble, a New 
Zealand coal was 10 to 13 percent soluble, 
and anthracite was completely insoluble. 
From a study of six coals, Bedson con- 
cluded that there was no apparent rela- 
tionship between yield of pyridine extract 
(22.5 to 32.2 percent) and either their gas- 
forming properties or their yield of volatile 
matter. Wahl, 204 also working with pyri- 
dine, published a similar conclusion. It 
has been reported 205 that both the amount 
of the pyridine extract and its chloroform- 
soluble part of 16 Chinese coals increased 
up to the point where the ratio of fixed 
carbon to volatile matter plus moisture was 
equal to 1.9, and then decreased. Baker 206 

203 Bedson, P. P., J. Soc. Chem. Ind ., IS, 738- 
41 (1899) ; Trans. North Engl. Inst. Mining 
Mech. Engrs., 48, (3) 82-7 (1899) ; Trans. Inst. 
Mining Engrs. (London), 16, 388-93 (1899) ; J. 
Soc. Chem. Ind., 27, 147-50 (1908) ; J. Gas- 
beleucht ., 51, 505 (1908). 

204 Wahl, A., Compt. rend., 154, 1094^-7 (1912). 

205 Ping, K., Bull. Geol. Survey China , 23, 
21-30 (1933) ; Chem. Abs., 28, 3216 (1934). 

206 Baker, T., J. Soc. Chem. Ind., 20, 789-90 


extracted several coals with this solvent 
and obtained practically no yield from a 
South Wales anthracite, 20.4 percent from 
a Durham gas coal (Hutton Seam), 11.5 
percent from a Durham coking coal 
(Brockwell), and 15.65 percent from a New 
Zealand brown coal (Ambrite). On the 
basis of the methods of Bedson, Anderson 
and Henderson 207 extracted coals of Ben- 
gal and Japan and obtained 7 to 21 percent 
yield. A South African coal 208 has been 
reported to be 15.4 percent soluble in this 
solvent. The extraordinary solvent power 
of pyridine is clearly indicated in the above 
work, which was carried out at the boiling 
point. 209 

Wheeler and his coworkers have devel- 
oped the use of this solvent and have di- 
vided the extract into fractions according 
to its solubility in chloroform. The authors 
first stated: 

• We consider this method of treating coal — 
extraction with pyridine followed by extrac- 
tion of the pyridine extract with chloroform 
—makes a complete, or nearly complete, sep- 

(1901) ; Trans. North Engl. Inst. Mining Mech. 
Engrs., 50, (2) 23-6 (1901) ; Trans. Inst. Mining 
Engrs. (London), 20, 159-63 (1901). 

207 Anderson, W. C., and Henderson, J. A. K., 

J. Soc. Chem. Ind., 21, 237-43 (1902). 

208 Robertson, J. B., J. S. African Chem. Inst.. 
6, No. 1, 20-30 (1923) ; Chem. Abs., 17, 1877 
(1923). 

209 See also : Fischer, F., and Schrader, H., 
Ges. Abhandl. Kenntnis Kohle, 4, 360-2 (1919). 
Tawada, K., J. Fuel Soc. Japan, 7, 41-7 (1928) ; 
Chem. Abs., 22, 3278 (1928). Lebeau, P., and 
Leroux, H., Ann. combustibles liquides, 5, 443-54 
(1930). Kopeliovich, N. A., and Kagan, E. D., 
Khim. Tverdogo Topliva, 3, 32-8 (1931) ; Chem 
Abs., 28, 5628 (1934). Sinnatt, F. S„ Froc. S. 
Wales Inst. Engrs., 47, 793-825 (1932). Drees, 

K. , and Kowalski, G., Brennstoff-Chem., 15, 221- 
9, 261-6 (1934) ; Fuel, 13, 366-70 (1934), 14, 
18-23 (1935). Kuznetzov, M. I., and Nesterenko, 

L. L., Khim. Tverdogo Topliva, 8, 222-32 (1937) ; 
Chem. Abs., 32, 1428 (1938). Miiller, W. J., 
Graf, E., and Gruber, R., Sparwtrtschaft, 15, 
198-9, 243-5 (1937). Roy, K. JLahir, D., and 
Guha, B. c., Ind. News Ed., J. Indian Chem. Soc., 
1, 95-108 (1938) ; Chem. Abs., 33, 833 (1939). 
Belcher, K., Fuel, 19, 203-6 (1940). 
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aration between the resinous constituents and 
the degradation products of the cellulose of 
which coal is conglomerated. 210 

Later 161 the various fractions were desig- 
nated as a, ft } and y and described as 
follows : 

a Fraction, insoluble in pyridine consisting 
of undispersed ulmins plus resistant plant 
remains. 

|5 Fraction, soluble in pyridine but insoluble 
in chloroform consisting of dispersed ulmins. 

Y Fraction, soluble in both pyridine and 
chloroform consisting mainly of resins and 
hydrocarbons. 

More recently 211 it has been reported 
that “this separation of a, /?, and y frac- 
tions from coal is only a means to an end 
and has no absolute significance ” 

That the y fraction contained resinous 
material was believed to have been estab- 
lished 212 by the fact that both this ma- 
terial and true resins affected a photo- 
graphic plate after the method of Rus- 
sell. 213 It would correspond closely to the 
petroleum - ether - soluble fractions of 
Bone 124 and Fischer. 148 The a and ft 
fractions were indicated to be chemically 
similar as shown by their analysis (Table 
XLV) and volatile products on pyroly- 
sis. 161 Similarity between the a and ft 
components was also indicated in the actual 
analysis of the volatile constituents at 
temperatures ranging from 600 to 1,000° C. 
The hydrocarbons resulting from thermal 
decomposition of the y fraction were much 
greater in amount than those from either 
the (x or the ft fraction. While the hydro- 
gen from the a or ft fractions was greater 

210 Burgess, M. J., and Wlieeler, R. V., J. 
Chem. Soc OO, 649-67 (1911). 

211 Wheeler, R. V., J. Soc. Chem. Ind.j 50, 
550-4 (1931), 

212 Clark, A. H., and Wheeler, R. V., addendum 
with Platt, C. B., J. Chem. Soc., 103, 1713-5 
(1913). 

2 is Russell, W. J., Proc. Roy . Soc. (London), 
B80, 376-87 (1908). 


TABLE XLV 

Analysis of a, /3, and y Fractions in Per- 
cent on Ash-Free Basis 161 




Pyridine- 

Pyridine- 


Pyridine 

Soluble, 

Soluble, 


Insoluble, 

Chloroform- 

Chloroform- 


a 

Insoluble, /S 

Soluble, 7 

Volatile matter 

34.96 

31.88 

77.33 

Fixed carbon 

65.04 

68.12 

22.67 

Carbon 

80.81 

77.32 

85.33 

Hydrogen 

5.23 

5.14 

7.08 

Oxygen 

10.40 

14.26 

4.56 

Nitrogen 

2.14 

2.07 

1.71 

Sulfur 

1.42 

1.21 

1.32 

than that from the y 

fraction, 

Jones and 

Wheeler 214 

reported 

a coal 

(Durham) 

which gave 

no hydrogen at all 

from the 

y fraction, 

whereas the a and 

ft yielded 


14.8 and 19.1 percent respectively upon 
low-temperature carbonization. It is in- 
teresting that the y fraction gave no 
phenols upon carbonization, whereas both 
the a and ft constituents produced consid- 
erable quantities. The similarity of the 
a and ft has been further demonstrated by 
Pearson, 215 who treated both fractions with 
fuming sulfuric acid to obtain products 
which he called “oxahumins” The pro- 
gressive changes in the formation of these 
bodies indicated a strong resemblance be- 
tween the two fractions. X-ray diffraction 
studies by Mahadevan 216 have also indi- 
cated the similarity between a and ft frac- 
tions and the original coal. On the other 
hand, the y fraction was shown to differ. 
Patterns obtained with this material re- 
sembled, but were more complex than, 
those obtained with natural and fossil 
resins. 

214 Jones, D. T., and Wheeler, R. V., J. Chem. 
Soc., 107, 1318-24 (1915), 109, 707-14 (1916). 

215 Pearson, A. R., J. Soc. Chem. Ind 42, 68- 
72T (1923). 

216 Mahadevan, C., Indian J. Physics, 4, 79-98 
(1929), 5, 525-41 (1930) ; Fuel, 14, 231-41 
(1935). 
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Cockram and Wheeler 217 investigated 
the y fraction somewhat in detail and 
adopted the subfractions : y ± soluble in 
light petroleum, mainly hydrocarbon; y 2 
soluble in ethyl ether, reported to be resi- 
nols, resines, and resenes; y 3 and y 4 in- 
soluble in ethyl ether which were simply 
“resinlike.” Oxidation of these fractions 
with hydrogen peroxide indicated that y 2 , 
y 3 , and y 4 were different in nature; how- 
ever, oxidation with nitric acid showed re- 
semblances between them. 

Extraction with pyridine involves sev- 
eral important factors. First, the presence 
of an inert atmosphere appears to be abso- 
lutely necessary, 218 ’ 219 and the extraction 
must be carried out in the absence of mois- 
ture 21S > 220 if the maximum yield of ex- 
tract is to be obtained. Second, the pyri- 
dine is extremely difficult to remove from 
the extract and residue. Even washing 
with hydrochloric acid does not appear to 
remove all of it. Practically every worker 
who has used this solvent reports the ten- 
acious manner in which pyridine is held by 
the extraction products. Some have con- 
sidered the possibility of the formation of 
a molecular complex between the coal and 
solvent. Pearson 215 thought that only the 
resinic part of the coal was dissolved and 
the remaining apparently soluble material 
(humic) was in reality dispersed ' as col- 
loidal aggregates. In support of this the- 
ory he cited the following: 

1. That the humic material (ultra- 
humins), when isolated, tenaciously re- 

217 Cockram, C., and Wheeler, R. V., J. Chem. 
Soc., 130, 700-18 (1927), 134, 854-60 (1931). 

218 Bone, W. A., and Sarjant, R. J., Proc. Roy. 
Soc. (London), A.96, 119-36 (1919). Bone, W. 
A., Pearson, A. R., Sinkinson, E., and Stockings, 
W. E., ibid., AlOO, 582-98 (1923). 

219 Chatterjee, N. N., Quart. J. Geol. Mining 
Met. Soc. India, , 2, 89-95 (1929) ; Chem. Abs., 
25, 5003 (1931). 

220 Mackensie, K. G., Ind . Eng. Chem ., 1, 360-2 
(1909). Malanowicz, L., Chimie & Industrie , 28, 
1277-82 (1932). 


tained pyridine, which was removable at 
a slow but constant rate in a vacuum. 

2. That the ultrahumins behaved like an 
irreversible colloid since when the pyridine 
was finally and completely removed only 
about 10 percent of the material could be 
redispersed in the pyridine. 

3. That another solvent would displace 
the pyridine adsorbed on the surface of the 
ultrahumins. 

With respect to this last point it has 
been reported 221 that xylene can be used 
to replace pyridine. The experimental pro- 
cedure consisted in evaporating the pyri- 
dine-extract mixture to a small volume and 
adding increments of xylene and distilling 
again to a small volume after each addition. 
It was claimed that this process completely 
removed all traces of pyridine from the 
extract. 

The opinion, frequently expressed, that 
pyridine does not act as a simple solvent 
but rather brings about a colloidal disper- 
sion of the coal substance is based on the 
re-solution behavior of the extracts re- 
ferred to above and the similarity between 
the ultimate analysis of the extract, residue, 
and original coal. It was found in the 
work conducted at the Coal Research 
Laboratory, 165 in which the extracts from 
a large number of solvents were studied, 
that re-solution of the extracts from prac- 
tically all the solvents was interfered with 
both by oxidation and by prolonged heat- 
ing in vacuo at moderate temperatures 
(about 100° C) such as would be necessary 
to remove a solvent. This is undoubtedly 
a repolymerization phenomenon. Exami- 
nation of a large number of analyses has 
sometimes shown a similarity between car- 
bon and hydrogen content, but at the same 
time a nitrogen value which indicates in- 

221 Kester, E. B., XJ. 8. Bur. Mines , Circ. 6486 
(1931), 17 pp. 
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complete removal of the pyridine. Reten- 
tion of pyridine by the extract would tend, 
generally, to lower the carbon content (py- 
ridine contains 76 percent carbon). Anal- 
yses reported by other authors, however, 
do not show such similarities, and it is not 
likely that invariably the analysis is at 
fault as claimed by Kuznetzov. 177 It can 
hardly be questioned that the low-molecu- 
lar-weight hydrocarbons extracted are in 
true solution, and, since the amount of this 
material varies from one coal to another, 
departures from an analysis which would 
indicate colloidal dispersion would be found, 
depending on the content of these sub- 
stances. Then, too, if the action of pyri- 
dine were simple peptization, one might 
expect to find a resemblance between the 
ash content of coal, extract, and residue. 
This, however, is not found. 

The object here has not been to question 
the colloidal dispersion of coal in pyridine 
but to point out that the alcove observa- 
tions do not constitute good arguments for 
so considering it. As a matter of fact, a 
number of things might indicate that it is. 
The very chemical nature of the solvent 
should be evidence that it would tend to 
produce colloidal dispersions. Physical be- 
haviors, such as the remarkable swelling of 
the coal, the gelatinous appearance of the 
residue, and the viscosity of the extract 
solution which is maintained even after 
considerable dilution, are all indications of 
a colloidal system. Examinations of the 
extract solution for colloids are not very 
significant since the particles might have 
been precipitated during concentration of 
extract in the solvent when a Soxhlet ex- 
traction is made or upon cooling in a bomb 
type of extraction. 

The extraction of coal has been consid- 
ered as a colloidal dispersion process by in- 


vestigators who used pyridine, 155 ' 215 » 222 » 223 
aniline, 155 * 223 quinoline, 155 ' 223 isoquino- 
line, 155 tetralin, 155 ' 223 decalin, 155 phenols 
and primary tar fractions, 155 * 223 p-nitro- 
aniline, 155 nitrobenzene, 155 acetone, 155 an- 
thracene oil, 223 and mixtures 155 ' 223 as sol- 
vents. The use of “heavy ’ solvents” such 
as anthracene oil, naphthols, olein (crude 
oleic acid?), or mixtures of anthracene oil 
and olein 224 to bring about the “complete” 
solution of coal at rather high temperatures 
(200 to 400° C) is probably a colloidal dis- 
persion behavior and appears to be so con- 
sidered by Gillet and co workers. Per- 
tierra 225 has stated that the ash content of 
the extract, which is practically nil at 
230° C, increases with rise in temperature 
of extraction, which again is good evidence 
of colloid formation. 

A few attempts have been made to de- 
velop practical uses for pyridine as a sol- 

222 Tideswell, F. V., Trans . Inst. Mining Engrs. 

{London), 76, 171-88 (1930). Piettre, M., 

Gompt . rend., 177, 4S6 (1923). 

223 Pertierra, J. M., Proo. 3rd Intern. Con}. 

Bituminous Coal , 2, 13-6 (1931) ; Anales soc. 
espah. fis. qulm ., 29, 663-79 (1931), 31, 271-88 
(1933), 32, 702-26 (1934) ; Fuel , 13, 23-6 

(1933) ; Chaleur et ind ., 15, No. 167, 442-5 
(1934) ; J. Inst. Fuel, 9, 16-23 (1935) ; 15 me 
Congr. chim. ind. { Bruxelles , September, 1935), 
1936, 377-82 ; He Congr. mondial petrole, 2, Sect. 
.2, Phys. chim. raffinage, 213 (1937). 

224 Rtitgerswerke Akt.-Ges., Ger. Pat. 320,056 
(1918) ; Brit. Pat. 131,588 (1919). Von Skop- 
nik, A., Teer, 24, 358-60 (1926). Gillet, A., 
Chimie <£■ Industrie, 1931, Spec. No., 295-301 ; 
Proo. Intern. Conf. Bituminous Coal, 2, 1—12 
(1931) ; Brennstoff-Chem., 17, 421 (1936) ; Bull, 
soc. chim. Belg., 47, 813-7 (1938). Gillet, A., 
and Pirlot, A., ibid., 41, 511-20 (1932), 43, 1-24 
(1934), 44, 504-12 (1935), 47, 518-24 (1938). 
Coninx, L., Bull. sci. assoc. 6lev6s 6ooles speciales 
univ. Lttge, 1933; Fuel, 14, 180-1 (1935). Gil- 
let, A., Pirlot, A., and Coninx, L., Bull. soc. chim. 
Belg., 43, 382-91 (1934). Gewerkschaft Mathias 
Stinnes, Brit. Pat. 464,337 (1936). Gillet, A., 
Pirlot, A., and Desirotte, L., isme Congr . chim. 
ind. ( Bruxelles , September, 1935), 1936, 267-75. 
Gillet, A., Pirlot, A., and Monfort, F., Bull. soc. 
chim. Belg., 47, 525-31,, 809-12 (1938). 

22 B Pertierra, J. M., 15me Cong. chim. ind. 
{Bruxelles, September, 1935), 1936, 377-82. 
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vent. Dennstedt and Biinz 226 showed that 
for the six coals which they studied the 
spontaneous combustibility of the dust in- 
creased with the yield of pyridine extract. 
Wheeler , 227 in agreement with this, re- 
ported that, although there was no appar- 
ent relation between volatile matter and 
inflammability of coal dust for a large 
number of coals studied, there was a tend- 
ency for the ignition temperature of the 
dust to increase with decrease in the 
amount of pyridine soluble material. 
Niibling and Wanner 228 reported data 
which showed a definite increase in ignition 
temperature with decrease in yield, but 
their work was limited to only three coals, 
jtlarger 159 mentioned the fact that, where- 
as the British Government Experimental 
Station had found a relation between the 
inflammability of coal dust and the yield 
of pyridine extract, the chemists of the 
French Government had not. Whether this 
difference was due to the coals or to the 
experimental procedures could not be de- 
termined from the information at hand. 
A possible contribution to the problem of 
spontaneous combustion of coal has been 
made by Graham and Hill , 175 who found 
that the ability to absorb oxygen resided 
almost entirely in the residue left from the 
pyridine extraction. 

The Wheeler school has proposed the use 
of pyridine in determining the “rational 
analysis” of coal in terms of the propor- 
tions of free hydrocarbons, resinous com- 
pounds, organized plant entities (spore 
exines and cuticular tissues), and ulmin 
compounds which it contains . 217 It was 
their belief that only the last-named com- 
ponent changed to any extent with pro- 

226 Dennstedt, M., and Biinz, R., Z. angew. 
Chem 31, 1825-35 (1908). 

227 Wheeler, R. V., J. Chem. Soc 103, 17 X 5-22 
(1913). 

228 Niibling, R., and Wanner, H.. J Gashe- 
leucht 58, 515-8 (1915). 


gressive coalification as indicated by the 
decrease in its solubility in alkali with age 
of the coal. A preliminary study of a 
number of coals suggested that a measure 
of the difference in characteristics between 
the ulmins of two coals could be obtained 
by determining their reactivity, for ex- 
ample, from the proportion rendered sol- 
uble in alkali after their oxidation under 
standard conditions. Such a measure was 
referred to as a “reactivity index.” Data 229 
given for Pittsburgh Seam coals indicated 
a general relationship between the carbon 
content of the coal and the reactivity in- 
dex. Better agreement was obtained be- 
tween the index and carbon content of the 
vitrain than with the coal as a whole, pos- 
sibly because vitrain is essentially free of 
plant entities and can also be easily freed 
of mineral matter. Later 230 a somewhat 
more refined and rapid procedure was re- 
ported, and data were cited for English 
coals. In general, efforts to relate rank of 
a coal to its yield of extract have not been 
successful. Cockram and Wheeler 217 con 
eluded, after a study of Pittsburgh and 
Barnsley Seam coals, that there was no 
evidence of progressive change in any con- 
stituent with increasing rank, in opposition 
to the opinion of Fischer, Broche, and 
Straueh 148 that there was an increase in 
free hydrocarbon content with increase in 
rank. Bone 218 tried to find a relation be- 
tween the amount of coal soluble in pyri- 
dine and volatile matter but concluded 
after the study of two coals that there was 
none. Kester, Schneider, and Jung 231 
studied a large number of American coals 

229 Francis, W., and Wheeler, R. V., J. Chem 
Soc., 131, 2967—79 (1928). 

230 Wheeler, R. V., Gas World , 94, Coking Sect., 

51-5 (1931) ; Colliery Guardian, 142, 1877 

(1931). Francis, W., and Wheeler, R. V., J. 
Chem. Soc., 134, 586-93 (1931). 

231 Kester, E. B., Schneider, E. J., and Jung, 
F. W., Ind. Eng . Chem., Anal . Ed., C, 98-103 
(1934). 
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for which data were available 147 * 149 > 232 
on both the amount of a, ft, and y con- 
stituents and the oily and solid bitumens 
and found no apparent relationship be- 
tween the, amount of volatile matter of the 
coal and the amount of pyridine-soluble 
material. 

The claim has been made that pyridine 
vapor is absorbed by coal to an extent de- 
pending on its age and petrographic con- 
stituents. Young coals have been reported 
to absorb the vapor rapidly, whereas older 
coals absorbed very little. Also, vitrain 
absorbed the most and fusain the least 
amount of vapor. Several studies 233 have 
been reported which indicate that, among 
the numerous coals considered, the greater 
number show a relationship between age, 
or rather degree of polymerization as indi- 
cated by the carbon-to-hydrogen ratio, 234 
and amount of vapor absorbed. The in- 
teresting thing about this work is the fact 
that the amount of vapor absorbed seems 
to be related to the amount of pyridine 
extract, which would then indicate a rela- 
tionship between rank and yield of extract 
in opposition to the findings of Wheeler 
and Bone reported earlier and those of 
Malanowicz, 220 who reported no appreci- 

232 Fieldner, A. C., Davis, J. D., Kester, E. B., 
Selvig, W. A., Reynolds, D. A., and Jung, F. W., 
U. 8. Bur. Mines, Tech. Paver 511 (1932), pp. 
33-4, 543 (1932), pp. 3-4. Fieldner, A. C., 
Davis, J. D., Tliiessen, R.. Kester. E. B., Selvig, 
W. A. Reynolds, D. A., Jung, F. W., and Sprunk, 
G. <\, ibid, 519 (1932), pp. 45-6, 524 (1932), p. 
51, 531 (1932), pp. 17-21, 542 (1932), pp. 30-1, 
54S (1933), pp. 29-30. 

233 Chorazy, M., Przcmysl Chem ., 15, 233-52, 
257-70' (1931) ; Chem. Abs., 20, 1750 (1932). 
Bunte, K , Bruckner, II., Simpson, H. G., Fuel , 
12, 222, 268-70 (1933), 14, 350-2 (1935). 

234 Tideswell, F. V., Fuel, 1, 244-7 (1922), 
questioned the relationship between carbon-to- 
hydrogen ratio and degree of polymerization. As 
a matter of fact this author objected to the use 
of the term “depolymerization” as applied to the 
action of pyridine but suggested a mechanism 
which sounds very much like an argument for 
depolymerization. 


able connection between the extractability 
of coal and its power to absorb pyridine 
vapor. 

Wahl and Bagard 235 have used pyridine 
to study the structure of coal. Samples of 
various coals were polished and immersed 
in pyridine for several hours. A coal from 
Lens which was practically insoluble in the 
solvent showed no structure, whereas an- 
other coal which gave 19.3 percent of ex- 
tract showed granular bands on its sur- 
face, the existence of which was not pre- 
viously noticeable. Stopes and Wheeler 236 
have reported the use of the solvent vapor 
in a similar application. 

Further work has been carried out with 
other basic solvents. Bone, 21s comparing 
the yields with pyridine (b.p. 115° C) and 
the homologous picolines (b.p. 130 to 
150° C), found that approximately the 
same quantity of material was removed at 
the boiling points. On the other hand, if 
pyridine was used under pressure at 130 
to 150° C more than double the quantity 
of extract was obtained. Malanowicz 220 
reported that the picolines had a higher 
solvent power than pyridine as a result of 
their higher boiling points. Kuznetzov's 
work (Table XXXVII) indicated that py- 
ridine was the superior solvent when boil- 
ing points are taken into consideration. 
There is little chance of drawing any defi- 
nite conclusion since the procedures and 
coals studied by these authors differed. 
Vignon 237 studied the action of aniline 
(b.p. 184° C) and quinoline (b.p. 238° C) 
and reported the yield with quinoline (47.3 
percent) to be three times that with pyri- 
dine and twice that with aniline (23.4 per- 

235 Wahl, A., and Bagard, P., Compt. rend., 
157, 380-1 (1913). 

236 Stopes, M. C., and Wheeler, R. V., Fuel, 3, 
63-7 (1924). 

237 Vignon, L., Compt. rend., 158, 1421-4 

(1914) ; Ann. chim., 13, 284-301 (1920). 
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cent). Staemmler 238 has reported a coal 
which was 53.3 percent soluble in aniline 
at the boiling point. 

Many investigators have found that oxi- 
dation tends to reduce the amount of sol- 
uble material in coal, and it has been sug- 
gested that extraction might be used as a 
method of detecting the extent of weather- 
ing. 239 Relatively little has been done to 
investigate the possibility of such tests, and 
it is probably necessary that a thorough 
study be made, since, though most authors 
report a decrease in yield upon oxida- 
tion, 153 ' 240 at least two 126 > 241 have given 
data for coal . which actually showed an 
increased yield after oxidation. Of the 
three coals studied by Agde and Winter, 241 
two decreased and one increased in the 
amount of benzene pressure extract yielded 
after the coal had been oxidized. It was 
found that the yield of “Olbitumens” (pe- 
troleum-ether-soluble) increased in all three 
coals, while the “Festbitumens” (petroleum- 
ether-insoluble) decreased. All the Fest- 
to Olbitumen ratios were -lessened, that of 
the coal with the highest cakability being 
least affected. Moreover, the decomposi- 
tion temperatures of the Festbitumens 
were all lowered, and again the effect was 
least marked in the coal of highest cak- 
ability. 

A small amount of work has been re- 
ported, in addition to that already men- 
tioned, on the extraction of the petro- 
graphic constituents of coal. Application 

238 Staemmler, C., Brennstoff-Chem., 11, 281-2 
(1930). 

239 Mendelsohn, J., J. Chem. Met. Mining Soc. 
S. Africa , 33, 285-9 (1933). 

240 Voitova, E. V., Brennstoff-Chem., 16, 21-4 
(1935). Gusinskaya, S. A., and Baskina, E. I., 
Coke and Chem. {TJ.S.S.R.), No. 1, 60-8 (1934) ; 
Chem. Ahs., 29, 3492 (1935). 

241 Agde, G., and Winter, A., Brennstoff-Chem 
15, 67—8 (1934). 


of Wheeler’s 242 method of solvent analysis 
gave the data reproduced in Table XL VI 
(Hamstead Seam coal). 

TABLE XLVI 

Yields * in Percent from the Petrographic 
Constituents of Hamstead Seam Coal with 
Various Solvents 242 


Solvent, 

Vitrain 

Clarain 

Durai 

Pyridine 

34.4 

27.2 

21.6 

Alcohol 

6.6 

5.7 

3.1 

Chloroform 

2.85 


2.4 

Pyridine extract solu- 
ble in chloroform 

27.0 

30.0 

40.0 

a Compounds in coal 

65.8 

72.8 

78.4 

j9 Compounds in coal 

25.0 

19.0 

13.0 

7 Compounds in coal 

9.2 

S.2 

8.6 


* On dry, ash-free basis. 


Several interesting points are noticeable 
in this table. Vitrain, clarain, and durain 
appear to contain the same, or approxi- 
mately the same, proportion of lc y com- 
pounds”; the chief difference, therefore, in 
the composition of banded coal would seem 
to lie in the a and p compounds. Con- 
siderable evidence has been reported which 
indicates the a and p fractions to be 
chemically similar; hence, it might be in- 
ferred that the main difference between 
vitrain and durain and possibly clarain is 
a physical one and involves a distinction 
of degree rather than kind. Broche and 
Schmitz 141 extracted vitrain and durain 
samples which were 91.5 and 93.6 percent 
petrographically pure with benzene under 
pressure and obtained yields of 11.8 and 
14.1 percent. These values are too close 
to admit the possibility of any great dif- 
ference in nature of the constituents. Bone 
and Bard 243 reported that bright, dull, 
and fusain constituents which they ex- 

242 Tideswell, F. V., and Wheeler, R. V., j. 
Chem. Soc., 115, 619-36 (1919). Stopes, M. C., 
and Wheeler, R. V., Fuel, 2, 83-92 (1923). 

243 Bone, W. A., and Bard, B. J. A., Proo. Roy, 
Soc. {London), 162A, 495-501 (1937). 
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tracted with benzene all gave the same 
yield for the same coal. 

Beet, 244 on the other hand, examined a 
number of coals and investigated the solu- 
bility of the original coal and the fusain. 
It was found that the fusain was much less 
soluble than the original coal (of the order 
of a tenth) except in a few samples where 
poor technique had led to contamination 
of the fusain sample. Unfortunately no 
attempt was made to separate the coal 
further or to make a solvent study of the 
constituents. It has been shown 245 that, 
with increased coalification of the bright 
coal, the y 2 and ft bitumens increased, 
permanganate numbers of original and ex- 
tracted coal decreased, the total pyridine 
bitumens increased, and the softening and 
decomposition points of the bitumens rose. 
Bertrand 246 extracted samples of coal with 
anthracene and olein for varying periods of 
time. The residue after the extraction was 
impregnated with carnauba wax and pol- 
ished. Subsequent examination showed 
that the vitrain could be almost completely 
removed; the clarain could be extracted in 
part, and the durain and fusain remained 
unaffected. The durain, it was found, 
could be removed by the solvent under 
pressure. 

A very large part of the literature of 
solvent extraction treats of the search for 
a hypothetical coking principle. To con- 
sider each paper separately would be not 
only a long but also a profitless task since 
the greater part of the reported data can- 
not be placed on a comparative basis. 
Controversy which has always existed in 
this field can be traced to differences in 
experimental procedures and lack of a 

244 Beet, A. E., Fuel, 3, 390-2 (1924). 

245 Drees, K., and Kowalski, G., Brennstoff - 
Chem 15, 261-6 (1934). 

246 Bertrand, A., Ann . soc. geol. Belg Bull, 61, 
327-36, 337-52 (1937-8). 


standard definition of what constitutes a 
coke. 

DeMarsilly 247 noted as early as 1862 
that the residue obtained in the extraction 
of coal with alcohol, ether, carbon disul- 
fide, benzene, and chloroform gave a poorer 
coke upon heating than the original coal. 
Siepmann 185 used three of these solvents 
and reported that in his opinion the caking 
power of the coal was not due to, but 
influenced by, the soluble constituents. 
Anderson, 248 in contradiction to the work 
of DeMarsilly, found no apparent change 
in the coking properties of coal after ex- 
traction with a high-boiling petroleum ether 
fraction or with carbon disulfide. Later 
Baker 206 reported that extraction of a coal 
with pyridine destroyed its coking proper- 
ties, but the extract gave a very intumes- 
cent coke. Other investigators who have 
made extractions with pyridine, 203 ' 249 » 250 
cresol, 250 aniline, 237 ' 251 and tetra- 
lin n2 ’ 163> 252 have reported data which 

247 Occasionally this work of DeMarsilly, DeC., 
Ann. chim. phys ., (3), 66, 167-71 (1862), is re- 
ported to be the first attempt to extract coal 
with solvents. In addition to the several earlier 
papers already cited, two others are known : 
Schrotter, A., Sitzber. ATcad. Wiss. Wien Math. 
Naturw. Klasse , 3, 285-87 (1849) ; Wackenroder, 
EL, Arch. Pharm. 110, 12-27 (1849). 

248 Anderson, W. C., Trans. Glasgow Phil. Soc ., 
29, 72-96 (1897) ; Trans. Inst. Mining Engrs. 

( London ), 16, 335-58 (1899). 

249 Wahl, A., Bull. soc. ind. min&rale , 100, 
(1912) ; Bull. sog. chim., 21, 76 (1917) ; Compt. 
rend., 154, 1094-7 (1921). Hankiss, S., SzenU- 
serleti Kozlemenyek, 2, 57-66 (1927) ; Chem. 
Zentr., 1929, II, 672. Massinon, J., Bull. soc. 
beige ing. ind., 20-34 (1935) ; Chem. Abs., 29, 
4157 (1935). Chatter jee, N. N., Quart, J. Geol. 
Mining Met. Soc. India, 6, 99-111 (1934) ; Chem. 
Abs., 29, 5249 (1935). 

250 Lefebvre, H., Chimie & industrie , 1932, 
Spec. No., 229-33. 

251 Shishkin, K. N., Coke and Chem. (U.S.S.R.), 
4, 16-22 (1934) ; Chem. Abs ., 30, 3203 (1936). 

252 Fujimura, K., J. Soc . Chem. Ind., Japan, 
33, Suppl. binding, 201-2 (1930) ; Chem. Abs., 
24, 4374 (1930). 
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are in general agreement with those of 
Baker. 

The papers of Novak and Hubacek 112 
are of great interest in this connection. 
The coals studied (Czechoslovakian) were: 
(1) a brown coal from the Karoline Seam 
(26 percent yield) ; (2) a brown coal from 
the Hedvika Seam (24 percent yield) ; (3) 
a subbituminous coal from the Max Seam, 
noncoking (32 percent yield) ; and (4) a 
bituminous coal from the Jaroslav Seam, 
coking (30 percent yield) . Extractions 
were carried out for 8 hours at about 
300° C in an autoclave. Since 5 kilograms 
of coal and 10 liters of tetralin were heated 
together in this apparatus only once it is 
very probable that the extractions were by 
no means complete and hence the results 
must be looked on with some caution. 
After extraction, the extract was divided 
into six classes of substances according to 
solubility in various solvents. The most 
swollen cokes resulted when the inert ma- 
terial (powdered coke) was a minimum 
and the hardest when the ratio of inert 
to substance w r as 3:1. Any of the ex- 
tractible materials which had a more or 
less distinct melting point were able to 
bind the inert material together to some 
extent. The liquid fractions of the non- 
coking and brown coals possessed this 
property to some degree. The authors 
pointed out the value of a “cementing re- 
siduum,” i.e., the coherent residue left after 
the carbonization of the various fractions 
in determining the agglutinating powers of 
the fractions. 

By means of curves the authors esti- 
mated the temperature range through 
which the bitumens remained in the liquid 
or plastic state and concluded that this 
range was greatest for coking coals. There 
is some merit to this idea, and it would be 
interesting to see it applied to more coals 
using a better extraction procedure. 


Berl and Schildwachter 163 found that, 
when the bitumens from tetralin pressure 
extractions were separated into oily and 
solid fractions as in Fischer's method and 
then mixed with the residue and coked, 
the solid bitumens promoted swelling and 
the oily bitumens caused cementing to 
coke. Later, and this is important, they 
showed that, if the coking process was 
watched microscopically, the decomposi- 
tion appeared more like that of the added 
bitumens than that of the original coal. 
The end of the coke formation and other 
noticeable changes all occurred about 100° 
lower with the mixture than with the orig- 
inal coal. 

Berl and Koerber 253 have published re- 
sults obtained in the extraction of a Pitts- 
burgh Seam coal, two artificial cellulose 
coals, and a lignin coal with organic sol- 
vents. Part of their data for the Pittsburgh 
coal are given in Table XLVII. These au- 
thors stated that the bitumen which distils 
off at higher temperatures in the coking 
process is the cause of sandy coke forma- 
tion, but, if, on the other hand, the bitu- 
mens decompose below its boiling point to 
form large molecules which serve to cement 
the nonsoluble organic part of the coal, then 
hard cokes result. This mechanism is sim- 
ilar to that proposed by Novak and Huba- 
cek. 112 Berl and Koerber expressed the 
opinion that polar solvents with partial 
valences on their oxygen atoms had a selec- 
tive affinity toward the phenolic compo- 
nents of bitumen. These phenolic sub- 
stances were thought to be responsible for 
the coking properties of coal. No data 
were given on the actual phenolic content 
of the extracts. 

In addition to the work on the effect 
of pyridine extraction on coking already 
given, some information is available on the 

253 Berl, E., and Koerber, W., Ind. Eng. Chem., 
32 , 1605-6 ( 1940 ). 
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TABLE XLVII 

Yield of Extract and Coking Properties 
of Residue 253 



Temperature 

Coke of Residue 


of Ex- 

Weight of ( « — 

, 

Solvent 

traction 

Extract 

Appearance * 

Yield 


°C 

percent 


percent 

Acetone 1 

20 

0.3 

+ 

64.4 

2 

56.5 

0.4 

+ 

64.5 



0.7 



Benzene 1 

20 

0.01 

+ 

64.2 

2 

80 

0.2 

+ 

64.6 



0.21 



Dioxane 1 

20 

0.6 

+ 

64.6 

2 

100 

0.4 

+ 

63.8 



1.0 



Acetophenone 1 

20 

4.0 

+ 

65.5 

2 

100 

18.6 

- 

71.9 

3 

205 

10.2 

- 

73.9 



32.8 



Tetralin, twice under 




pressure 

300 

18.8 

+ 

- 

Benzophenone 

310 

12.6 

- 

73.7 


* Hard dense coke, + ; sandy coke, 

effect of the a, /?, and y constituents. 
Gockram and Wheeler 217 reported that a 
blend of these fractions in proportion to 
the amount in a coal gave a hard, well- 
sintered coke button very similar in ap- 
pearance and strength to that obtained 
from the original coal. Blends were also 
tried of the a and ft with y 1} y 2 , y 3 , and 
•y 4 fractions. The 7! and 72 fractions gave 
good cokes, that from 74 being the best, 
but both the 73 and 74 fractions gave non- 
coherent residues. Just a few years before, 
Foxwell 254 had published a paper report- 
ing results completely contradictory to the 
above. He found that when the a, ft, and 
7 were recombined and heated the resulting 
mixture did not form a coke. This he ex- 
plained by assuming considerable changes 
in the structure of the coal upon extraction, 

254FoxwelI, G. E., Fuel , 3, 276-83, 315-19 
(1924). 


which indicated that the chief difference 
between coking and noncoking coal w r as a 
structural one. Cockram and Wheeler 
stated that the coking principle neces- 
sary for the production of a good coke 
is provided by the resins and hydrocar- 
bons of the coal (y fractions), 255 pointing 
out that the best coke was obtained with 
a + ft + yi fractions. Other authors have 
published results which cannot be com- 
pared with, or are not in agreement with, 
these data. Several have reported, for ex- 
ample, that the y ± fraction is almost with- 
out effect when mixed with a alone, 256 or 
that the coking properties reside in the j 3 , 
y 3 , and y 4 fractions and the a fraction di- 
minishes them. 257 The y 1 compounds are 
responsible for the agglutinating action and 
the 72 and y 3 compounds afford swelling, 
according to Shimmura. 258 

The importance of the residue has been 
shown by the report that the extract from 
a poor coal mixed with residue from a good 
coal gave a good coke whereas the extract 
from good coal mixed with the residue of a 
poor coal gave a poor coke. 259 

Extraction studies made by Neumann 
and Kremser 260 indicated that the largest 

255 Illingworth, S. R., J. Soc. Chem. Ind., 39, 
111— 8T (1920). Barash, M., ibid., 4S, 174-S3T 
(1929). 

25G Schliipfer, P., and Morcom, A. R., Eidge- 
noss. Ala terialprufungsanstalt E. T. II. Zurich 
Ber., No. 02 (1933), p. 60; Schweiz. Vcr. Gas- u. 
Wasscrfach Manats Bull., 12, 373-427 (1932) ; 
Chem. .46s., 27, 2282 (1933). 

257 Bunte, K., Gsterr Ver. Gas- u. Wasserfach, 
71, 81-90 (1931); Fuel , 11, 400-5 (1932). 

Bunte, K., Bruckner, H., and Santana, J., 
Brennstoff-Chem ., 1(>, 50-2 (1935). Bunte, K., 
Bruckner, I-I., and Simpson, H. G., Fuel, 12, 
222-32 (1933). 

25 s Shimmura, T., J. Fuel Soc. Japan, 11, 
140-9 (1932) ; Chem. Abs., 27, 2556 (1933). 

259 Drees, K., and Kowalski, G., Gas- u. Was- 
serfach, 76, 653-60 (1933). 

260 Neumann, B., and Kremser, B., Gliickauf, 
09, 813-20 (1933). 
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amount of coking constituents are found in 
the vitrain. 261 

Kester, Schneider, and Jung 231 reported 
on the extraction of twenty coals with ben- 
zene and pyridine to give a re-solution of 
the bitumens, ulmins, and resistant plant 
residues. An attempt was made to corre- 
late the properties and amounts of the 
fractions so obtained with the coke-forming 
properties of the coals. All such attempts 
were unsuccessful. Duparque and Massi- 
non 262 studied coals from ten seams by 
extraction with benzene, chloroform, and 
pyridine; they concluded that coking prop- 
erties of the coals could not be differen- 
tiated by extraction results. 

Fischer and associates 148 have reported 
that when the oily and solid bitumens re- 
ferred to earlier were individually coked 
with the residue the oily ones’ were found to 
be responsible for the cohesiveness of the 
button, and the solid brought about swell- 
ing. The importance of the decomposition 
point of the solid bitumens in the formation 
of a good coke was pointed out. Dolch 263 
examined a number of German coals and 
confirmed the work of Fischer on the in- 
fluence of the two bitumens on coking be- 
havior. Van der Waerden, 264 on the other 
hand, found no relation between the bitu- 
mens and coking capacity of a bituminous 
East Indian coal. 

Bone and coworkers S5 » 123 found that, 
contrary to the work of Fischer, the caking 
power of a coal lay largely in the part of 
the extract corresponding to Fischer's solid 
bitumens (fractions III and IV). Fractions 
I and II, though contributing little to the 
coking process, were not without influence. 

261 Gryaznov, N. S., Khim . Tverdogo Topliva , 
7, 533—44 (1936) ; Chem. Ahs., 31, 2777 (1937). 

262 Duparque, A., and Massinon, J., Ann. mines 
Belg., 39, 271—342 (1938) ; Chimie & Industrie , 
42 , 36 (1938). 

263 Dolch, M., Brennstoff-Qhem., 7, 199-203 
(1926). 

2«4 Van der Waerden, J., Fuel, 6, 252-6 (1927). 


Davis and Reynolds 263 confirmed the 
work of Bone and described a third type 
of extractible material which they called 
insoluble bitumen. Broche and Bahr 266 
repeated the work of Fischer et al. and at 
♦the same time carried out experiments 
using the methods of Bone. These investi- 
gators arrived at the extraordinary conclu- 
sion that both the English and German 
workers had been correct. The discrepancy 
in results, they explained, lay in the use of 
powdered coke by Bone instead of the resi- 
due. Bone 267 has pointed out that since 
Fischer did not use a Soxhlet type of ex- 
tractor his residue still contained enough 
fraction IV to affect the results. 

Another difference was not so easily ex- 
plained. Bone had made a few tests using 
residue instead of coke and had obtained 
no intumescence with his fraction IV which 
would correspond to Fischer's solid bitu- 
men. In explaining this, Broche and Bahr 
suggested that the difference might lie in 
the particle size of the inert material. If 
the granules were too small, they said, the 
pores and capillaries would be too few and 
small to hold the added extract firmly. 
Hence, the extract distilled away from the 
mixture before any binding action could be 
exerted. This argument could be used bet- 
ter against Fischer's work than Bone's, since 
Bone used a 10-gram sample (supporting a 
100-gram weight) in a cylinder which was 
heated in an oven, whereas Fischer used 
only 1.5 grams in a crucible over a burner. 
The experiments of Lierg 268 indicated that 
the well-fused coke obtained by . Fischer 
was caused by very rapid heating of the 

265 Davis, J. D., and Reynolds, D. A., Ind. Eng. 
Ohem., 18, 838-41 (1926), 21, 1295-8 (1929) ; 
Fuel, 5, 405-11 (1926). 

266 Broche, H., and Bahr, T., Brennstoff-Chem., 
6, 349-54 (1925). 

267 See p. 175 of ref. 124. 

268 Lierg, F., Z. cmgew. Ohem., 35, 264^8 
(1922). 
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samples, and Hall 269 pointed out that an 
extracted coal cannot be considered a suit- 
able inert material because of its large ad- 
sorptive capacity. Muhlsteph 270 extracted 
the same coal as Fischer and from the 
analyses reported little difference in the 
samples, yet rather large differences in 
yield and amount of oily bitumens (Table 
XL VIII) were obtained by the two work- 

TABLE XLVIII 

Yield of Extract from Osterfeld Coal 270 


Percent Bitumens 



Volatile 

Matter 

Fixed 

Carbon 

Total 

Oily 

Solid 

Fischer 

17.14 

82.86 

3.15 

0.98 

2.17 

Muhlsteph 

19.9 

80.1 

6.8 

3.88 

2.92 


ers. He further reported data which 
showed no relationship between the oily 
bitumen content of a coal and its caking 
index. 

A relationship 271 has been reported, 
however, between the reactivity of cokes 
and the oily bitumen content of the original 
coal, and it has further been shown that 
the reactivity of cokes prepared from ex- 
tracted coal is greater than that of cokes 
prepared from the bitumen. 272 

Agde and von Lynckner 273 made extrac- 
tions with benzene on a series of German 
coals (Fischer’s method) and tried to rec- 
oncile the conflicting theories of Bone and 
Fischer. Coking tests were conducted by 
both procedures. The conclusions, which, 
they carefully pointed out, applied only to 

269 Hall, P. E., J. Ghem. Met. Mining Soc .., 8. 
Africa , 30, 195-219 (1930) ; Ghem. Abs. } 24, 
319S (1930). 

270 Muhlsteph, W., Brennstoff-Chem ., 10, 241-7 
(1929). 

271 Mezger, R., and Pistor, F., Teer, 24, 569- 
72, 586-9, 603-6 (1926) ; Gas- u. W asserfach, 
GO, 1061-6 (1926). 

272 Agde, G., and von Lynclmer, L., ibid., 70, 
1016-9 (1927). 

273 Agde, G., and von Lyndmer, L., Die Vor- 
gdnge bei der 8 tiichko ksbildung, W. Knapp, Halle 
(Saale), 1930, 24 pp. 


their own experimental conditions, were 
briefly as follows: 

1. The bitumens of a coal are not com- 
pletely removed by extraction with benzene 
under pressure, whatever that means. 

2. The oily bitumens are the caking, and 
the solid bitumens are the swelling agents 
only under certain conditions. The impor- 
tance of the oily fraction lies chiefly in the 
fact that it reduces the melting point of 
the total bitumen contained in the coal, 
and in the first stages of carbonization it 
forms a solvent for the solid bitumen. 

3. Fine grinding of coal increases the 
caking capacity but reduces the amount of 
swelling. 

4. Rapid heating increases the caking 
capacity of bitumens because it leads to 
greater tar formation. 

5. The caking properties of a coal cannot 
be restored by reunion of the separate ex- 
traction products since the special form of 
the bitumens in the original coal (colloidal 
or gel structure) has been destroyed. 

6. The reasons given for the failure of 
Bone and Davis and Reynolds to confirm 
the results of Fischer, particularly with re- 
spect to the swelling capacity of the solid* 
bitumens, were: (a) insufficient quantity of 
bitumen; (6) unsuitable concentration of 
the bitumen solution; (c) unsuitable parti- 
cle size of the diluent; ( d ) too low rate of 
heating; ( e ) abnormal experimental condi- 
tions, i.e., carbonization under pressure, etc. 

7. The caking capacity of a coal is essen- 
tially determined by chemical processes, 
i.e., by the course of decomposition of the 
bitumens. The greater the quantity of the 
nondistilling solid decomposition product 
tar formers, the greater is the possibility 
of obtaining a good coke (Novak and Hu- 
bacek 112 and Berl and Koerber 263 ). The 
physical configuration of the coal residue 
and particularly its capillarity are of great 
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importance in determining the caking ca- 
pacity. 

8. The swelling process of the coal is 
probably determined by physical qualities, 
i.e., the plasticity and gas permeability of 
the coal flux. In this respect the ratio of 
bitumen to coal residue is important in 
that it affects the permeability of the mass. 

Crussard 274 has made a distinction be- 
tween impregnation and mere mixing in 
reproducing a coal from its extraction 
products. This author believed that the 
most active agglutinants were the asphal- 
tenes (corresponding to solid bitumens). 
Lierg’s 268 law, “When bituminous sub- 
stances of the same origin are arranged in 
a series of decreasing solubility, they are 
arranged in a series of increased aggluti- 
nating power/' was quoted, and an appli- 
cation was made to the work of Bone on 
this basis. 

A number of other papers also deal with 
the interesting and controversial subject of 
the relationship between coking and the 
product obtained in extraction. 275 

274 Crussard, L., Fuel, 9, 177-91 (1930). 

275 Boudouard, 0 ., Conipt . rend., 148, 348-51 
(1909). Bone, W. A., Pearson, A. R., Sinkinson, 
E.. and Stockings, W. E., Proc. Roy. Soc. ( Lon- 
don i), 100A, 582-98 (1921). Lategan, P. N., 8. 
African J. Ind ., 6, 609-16 (1923) ; 7, 41, 103-8 
(1924). Bone, W. A., J. Soc. Chem. Ind., 44, 
291-9T (1925). Mayer, E., BraunJcohlenarch., 
No. IS, 1-58 (1927). Hankiss, S., Sz6nkis6rleti 
KozlemenyeJc , 2, 57, 67—70 (1927) ; Chem. Zentr ., 
1929, II, 677. Tawada, K., J. Fuel Soc., Japan, 
7, 41-7 (1928); Chem. Aba., 22, 3278 (1928). 
Lambris, G., Brennstoff-Chem., 12, 181-7 (1931). 
Connerade, E., and Meunier, C., Chimie d In- 
dustrie , 1931, Spec. No., 267—86. Mendelsohn, J., 
J. 8. African Chem. Inst., 15, 46-53 (1932) ; 
Chem. Abs., 26, 6097 (1932). Tulparoff, A. I., 


In addition to the literature already cited 
a number of publications have appeared 
from time to time which have been entirely 
or largely surveys in nature. 276 Of these 
the most thorough articles are those of 
Kester, Stopes and Wheeler, and Bakes. 

Khim. Tverdogo Topliva , 3, 378-80 (1932) ; 
Chem. Abs., 28, 5966 (1934) ; Coke and Chem- 
istry (U.S.S.R.), 9, 53-6 (1933); Chem. Ala., 
29, 7043 (1935). Peters, K., and Cremer, W., 
Brennstoff-Chem., 14, 445-50 (1933). Blom, I. 
J. B., J. Chem. Met. Mining Soc. S. Africa, 34, 
1-44 (1933). Cliorazy, M., Fuel, 13, 294-9 
(1934). Rossow, O., BraunJcohlenarch., No. 51, 
3-32 (1939). 

276 Muck, F., Grundziige und Ziele der Stein- 
kohlen CJiemie , Strauss, Bonn, 1881, 170 pp. 
Bell, I. L., Rept. Brit. Assoc. Advancement Sci., 
1894, pp. 246. Hodurek, R., Oesterr. Chem.-Ztg., 
7, 365-70 (1904). Wibaut, J. P., Chem. Week- 
Had, 12, 758-65 (1915). Gluud, W., Ges. Ab- 
handl. Kenntnis Kohle, 1 , 43-53 (1916). Fischer, 
F., and Gluud, W., Gluckauf, 52, 721-9 (1916). 
Anon., J. Soc. Chem. Ind., 35, 113G-7 (1916). 
Fischer, F., Ges. Abhandl. Kenntnis Kohle, 2, 
1-27 (1917), 3, 246-7 (1919), 5, 658-92 (1920) ; 
Brennstoff-Chem., 1, 31-9 (1920). Stopes, M. C., 
and Wheeler, R. V., Fuel, 3, 3-11, 63-7, 97-105, 
129-33, 179-84, 196-204, 254-61, 288-97, 328- 
35, 356-60, 393-9, 439-52 (1924). Fischer, F., 
and Lessing, R., Conversion of Coal into Oils, 
E. Benn, London, 1925, 284 pp. Fieldner, A. C., 
and Davis, J. D., Trans. Am. Inst. Mining Met. 
Engrs., 71, 227-45 (1925). Quarendon, R., J. 
Soc. Chem. Ind., 45, 468-70 (192G). Shohan, ,T. 
B., U. S. Bur. Mines, Circ. 6212 (1929), pp. 14. 
Kester, E. B., Fuel, 10, 277-85 (1931). Lessing, 
R., Gas World, 96, 331-3 (1932) ; Gas J., 197, 
791-3 (1932). Bakes, W. E., Dept. Sci. Ind. 
Research {Brit.), Fuel Research, Tech. Paper 37 
(1933), pp. 214. Crookall, R., Naturalist, August, 
1933, pp. 169-76; Rev. Geol, 14, 491 (1935). 
Moehrle, E., Angew. Chem., 4S, 509-13 (1935). 
McCulloch, A., J. Soc. Chem. Ind., 54, 997-1004 
(1935). Ref. 195. Lowry, H. II., J. Inst. Fuel, 
10, 291-301 (1937). Titov, N. G., and Fedo- 
seeva, S. F., Khim. Tverdogo Topliva, 8, 793-803 
(1937) ; Chem-. Abs., 32, 2324 (1938). Scheer, 
W., Feuer ungs tech., 27, 225-30 (1939). 
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VACUUM DISTILLATION OF COAL 
H. C. Howard 

Coal Research Laboratory t Carnegie Institute of Technology 


All investigations of the action of heat 
on coal in vacuum have shown that, except 
for small amounts of water vapor, oxides 
of carbon, and low-molecular-weight hydro- 
carbons, no distillation occurs until such 
temperatures are reached that there is defi- 
nite evidence of thermal decomposition. 
Thus, “vacuum distillation of coal” is, in 
reality, thermal decomposition at reduced 
pressure accompanied by distillation of the 
thermal degradation products. A compli- 
cating factor in the application of heat to 
coal, in a highly evacuated system, arises 
from the fact that, as temperatures are 
reached at which distillation of molecules 
of moderate weight, if present, would be 
expected to take place, or at which primary 
degradation products could be split out and 
vaporized, other reactions involving con- 
densation to larger molecules or to more 
completely linked network structures, by 
loss of water, hydrogen, or methane, are 
also taking place rapidly. Since reduction 
in pressure accelerates these condensation 
reactions, competition by the condensation 
processes is responsible for the very limited 
yields of degradation products of moderate 
molecular weight obtained by thermal de- 
composition in vacuum, especially at low 
heating rates. The failure of bituminous 
coals to furnish any significant amounts of 
distillate, even in a molecular still, at tem- 
peratures below those at which decomposi- 
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tion starts, shows that they are either net- 
like polymeric structures, in which all the 
atoms of a given fragment are connected 
by primary bonds, or if they are mixtures 
of molecules all but an insignificant frac- 
tion of the component molecules are of such 
size as to preclude evaporation. Since the 
largest molecule 1 which can be distilled has 
a molecular weight of less than 1,000, an 
approximate lower limit is set for the size 
of the molecules which can be present in 
coal. 

The early work of Burgess and Wheeler 2 
in this field was concerned only with the 
amounts and nature of the gaseous prod- 
ucts formed. Evacuation and collection of 
gases were carried out by a Sprengel pump, 
and, since the still and the pump were con- 
nected with small-bore tubing, it is likely 
that the actual pressures at the surface of 
the decomposing coal corresponded to sev- 
eral centimeters of mercury. The chief con- 
clusion reached was that, since the paraffin 
hydrocarbons form by far the greatest 
fraction of initial gaseous decomposition 
products, either just above or below the 

1 Carothers, W. H., and coworkers, J. Am. 
Chem. Boo., 52, 5279-88 (1930) ; especially p. 
5284. Burch, C. R., Proe. Roy. Soc. (London), 
A123, 271-84 (1929). 

2 Burgess, M. J., and Wheeler, R. V., J. Chem. 
Soc., 97, 1917-35 (1910), 99, 649-67 (1911). 
Clark, A. H., and Wheeler, R. V., ibid., 103, 1704- 
22 (1913). 
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“critical temperature,” coal contains two 
types of compounds of different degrees of 
stability, the least stable yielding paraffin 
hydrocarbons and no hydrogen, and the 
more stable yielding hydrogen alone. The 
difference in yields of hydrocarbons and 
of hydrogen for the different coals was 
ascribed to the “different proportions of 
paraffin- and hydrogen-yielding constitu- 
ents” present in them. It was also shown 
that among different bituminous coals very 
different proportions of the “volatile mat- 
ter” might appear as paraffin hydrocar- 
bons, for bituminous coals of 40.6, 35.5, 
33.07, and 30.1 percent volatile matter 
yielded respectively 47.9, 53.3, 62.7, and 
47.2 cubic centimeters of paraffin hydro- 
carbons per gram of dry, ash-free coal 
when heated up to 650° C in vacuum. 

The nature of the liquid products formed 
by decomposition of coal in vacuum was 
studied by Pictet and Ramseyer, 3 who in 
their first work distilled 1.75 kilograms of 
Montrambert bituminous coal in 250-gram 
portions in an iron tube, which was evacu- 
ated to 10 millimeters mercury pressure by 
a water aspirator. The temperature was 
not measured exactly but was said not to 
have risen above 450° C. Sixty grams, 3.5 
percent, of a liquid distillate were obtained. 
Fractionation at ordinary pressures resulted 
in collection of liquids between 150 and 
350° C, the physical and chemical prop- 
erties of which indicated hydroaromatic 
molecules. Aromatic hydrocarbons and 
phenols were absent. A fraction collected 
between 255 and 285° C corresponded to 
hexahydrofluorene. 

In a continuation of earlier work, 
Wheeler 4 and coworkers studied the de- 

3 Pictet, A., and Ramseyer, L., Ber 44, 2486- 
97 (1911). 

4 Burgess, M. J., and Wheeler, R. V., J. Chem. 
Soc., 105, 131-40 (1914). Jones, D. T., and 
Wheeler, R. V., ibid., 105, 140-51 (1914). 


composition of a number of English bitu- 
minous coals. Two-hundred-gram samples 
were heated in a round, Jena glass retort 
(Fig. 1). The original evacuation' was by 
means of a Geryk oil pump, and a Sprengel 
pump was used for gas collection as before. 
It was found that, when a coal, Silkstone, 



which had been finely ground and dried in 
air at 107° C was evacuated at room tem- 
perature, oxides of carbon were the chief 
gases removed, whereas, from “newly won” 
undried coal, hydrocarbons predominated. 
Gases continued to appear in small amounts 
up to 200° C. At this temperature there 
was copious evolution of water along with 
oxides of carbon. In the range 200 to 
300° C, sulfur-containing gases appeared 
along with higher olefines. Liquids other 
than water began to distil at 310° C, and 
at 350° C there was rapid gas evolution 
and much viscous oil. Later, 4 a larger 
still was employed— 1.25 kilograms of coal 
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could be treated at one time — and sufficient 
liquid products were collected to permit ex- 
amination. The vacuum was stated to be 
5 to 40 millimeters of mercury. The re- 
sults with Scottish, 26.36 percent volatile 
matter, and with Durham, 30.81 percent 
volatile matter, bituminous coals, were as 
follows: at temperatures up to 430° C, 6.5 
percent by weight of the coal was re- 
covered as tar, which, on distillation to 
300° C, yielded 50 percent pitchy residue. 
The distillate was 40 to 45 percent unsatu- 
rated hydrocarbons, richer in carbon than 
C n H 2n ; 40 percent liquid paraffins and 
naphthenes; 12 to 15 percent phenolic 
bodies, chiefly cresols and xylenols; 7 per- 
cent aromatics, chiefly naphthalene homo- 
logs, and solid paraffins. Pyridine bases 
were found in traces only. The presence 
of hydrochloric acid and of ammonium 
chloride was reported in the liquor. These 
results differ from Pictet’s in showing the 
presence of both phenols and aromatic hy- 
drocarbons. Later work 5 « 6 has indicated 
that the phenols are largely produced by 
secondary decomposition, and it seems 
probable that secondary decomposition did 
take place in Wheeler’s work in view of 
the large mass of coal employed and the 
relatively unfavorable conditions for evap- 
oration and removal from the system of the 
primary products. 

Porter and Taylor 7 studied the decom- 
position of four typical American bitumi- 
nous coals in a vacuum ranging from 0.5 to 
10.0 millimeters at 50° temperature inter- 
vals up to 450° C. Fifteen-gram samples 
of 40- to 100-mesh coal were used in the 
lower-temperature experiments and 5-gram 

s Juettner, B., and Howard, H. C., Carnegie 
Inst. Tech., Coal Research Lad . Contrid. S (1934), 

22 pp. 

6 Juettner, B., and Howard, H. C., Inti. Eng. 
Chem., 26, 1115-8 (1934). 

t Porter, H. C., and Taylor, G. B., Proc. Am. 
Gas Inst., 9 (i), 234^88 (1914). 


samples in the higher. The decomposition 
was carried out in a glass bulb immersed in 
a constant-temperature bath of mixed so- 
dium and potassium nitrates. The coals 
studied ranged from high-rank bituminous 
to subbituminous — Pocahontas, Pittsburgh, 
Illinois, and Wyoming. 

It was concluded that neither the course 
of the decomposition nor the temperature 
at which it began was materially affected 
by a reduction in pressure. The abrupt 
increase in rate of hydrogen evolution 
which was found to occur above 700° C 
was ascribed to “secondary” decomposition 
of volatile matter rather than to any char- 
acteristic change in the decomposition of 
the main coal substance. Two types of de- 
composition were recognized: one in which 
water, carbon dioxide, and carbon monox- 
ide were expelled; and another producing 
liquid and gaseous paraffin hydrocarbons, 
the type of decomposition product pre- 
dominating below 500° C, depending upon 
the coal. In the subbituminous Wyoming 
coal, the reaction producing water, carbon 
dioxide, and carbon monoxide was found to 
predominate up to 450°. The high yields 
of tar obtained from all the coals by distil- 
lation up to 450°, as compared with those 
in high-temperature distillation, were em- 
phasized. 

Pictet and coworkers 8 in an important 
series of investigations continued their work 
on decomposition of Montrambert coal on a 
larger scale, using a gas-heated, cast-iron 
retort, 60 centimeters high and 20 centi- 
meters in diameter. Temperatures of 450 
to 500° C were used. The vacuum system 
was not described, but the pressure was 
stated to be 15 to 17 millimeters of mercury. 
By distillation for 5 hours at 450° C, 1.5 per- 

s Pictet, A., and Bouvier, M., Compt. rend., 
157, 779—81, 1436-9 (1913), 160, 629-31 (1915) ; 
Ber., 46, 3342-53 (1913), 48, 926-33 (1915) ; 
Chem.-Ztg., 38, 1025 (1914). 
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cent of liquor and 4 percent of tar were re- 
covered, the general composition of which 
was: 30 percent saturated hydrocarbons, 
68 percent unsaturated hydrocarbons, and 
2 percent alcohols. Bases were reported in 
small amounts. The saturated and unsatu- 
rated hydrocarbons were separated with 
liquid sulfur dioxide. The hydrocarbons, 
alcohols, and bases were examined in detail. 
From the material insoluble in sulfur dioxide, 
hydrocarbons of the general composition 
C n H 2 n, ranging from CgHis to C30H60, were 
isolated in a pure state. A hydrocarbon of 
the composition C9H18 had the properties of 
hexahydromesitylene, and one of C10H20, 
those of hexahydrindene. The hydrocarbon 
C30H60 was believed to be identical with 
melene. From the material soluble in sulfur 
dioxide, the following hydrocarbons were 
isolated: dihydro-nz-xylene, dihydromesityl- 
ene, three compounds having the formula 
C11H16 and having three double bonds each, 
but not definitely characterized, and hexa- 
hydrofluorene. The cyclic alcohols were re- 
covered by reaction with sodium, and com- 
pounds of the following composition were 
reported: C7H14O, which was a hexahydro- 
cresol, and four of the general composition 
CnEhn-eO, where n ranged from 8 to 11, 
w r hich were not more closely characterized. 
1 mixture of toluidins, C7H9N, was separated 
as well as a number of bases of the following 
compositions : CsIUN, C9H9N, CioHuN, and 
C12H15N, all of which formed crystalline 
picrates and possessed a quinoline odor but 
could not be definitely characterized. 

The preponderant amount of alkylated 
structures reported is noteworthy and is 
characteristic of the low-temperature dis- 
tillation products of coal, whether the de- 
composition is carried out in vacuum or at 
ordinary pressures. These workers pointed 
out that the physical constants of the 
C tt H 2 „ series of hydrocarbons obtained in 
their vacuum distillation bore great simi- 


larity to those of hydrocarbons isolated 
from Galician and California petroleum by 
Mabery. 

Schneider and Tropsch 9 reported on the 
distillation of brown coal in vacuum. From 
100 to 150 grams of “hazelnut”-size brown 
coal was heated in an iron cylindrical re- 
tort 16.5 centimeters high and 7 centime- 
ters in diameter. Evacuation was by 
means of a Gaede oil pump, but, because 
of the small-bore connecting tubing and the 
series of traps employed, it is uncertain 
what the pressure was in the retort. It 
was stated that because of gas evolution, 
resulting from decomposition, a high vac- 
uum could not be maintained. Under these 
conditions it was not found possible to dis- 
til the “bitumens” of the brown coal with- 
out decomposition. In contrast to results 
of distillation of this type of coal at ordi- 
nary pressures, the vacuum distillation was 
stated to give a good yield of “viscous oil.” 

Burgess and Wheeler 10 later continued 
their examination of the gaseous products 
formed by decomposition of bituminous 
coals in vacuum. The products obtained 
by treating a Lancashire coking coal by the 
same procedure as applied to the Silkstone 
coal, at various temperature intervals, are 
indicated in Table I. The sample which 
was essentially “clarain” was “newly won” 
and undried. In the 200 to 300° C stage 
most of the gas appeared between 270 and 
300° C, and a reddish brown oil, together 
with considerable water, distilled at 280° C. 
The temperature 270 to 280° C was re- 
garded as the initial decomposition tem- 
perature of this coal, for, “apart from the 
distillation of oil, the composition of the 
gases, in particular the high content of ox- 
ides of carbon, differentiates them from the 

s Schneider, W., and Tropsch, H., Ges. Ab- 
handl. Kenntnis Kohle , 2, 28-35 (1917). 

10 Burgess, M. X, and Wheeler, R. V., Fuel, 5, 
65-8 (1926). 
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TABLE I 

Decomposition of Lancashire Coking 
Coal * in Vacuum 10 

Cubic Centimeters of Gas 
per 100 Grams of Coal Higher 

Tempera- < * * Hydro- 

ture Time CO CO 2 H 2 CH 4 carbons 
°C hours 
Room tem- 


perature 

369 

2.2 

3.0 


104 


25-100 

96 

3.8 

6.0 


118 


100-200 

24 

1.2 

2.6 

0.2 

10 

16 

200-300 

36 

1.8 

10 

0.3 

0.8 

6.8 

300-400 


29 

210 

175 

617 t 



*Volatile matter, 30.85% ; fixed carbon, 
62.45% ; ash, 4.9%. 

f Methane plus higher hydrocarbons. 


occluded gases obtained at lower tempera- 
tures.” In connection with this statement 
it should be noted that whereas the per- 
centage of oxides of carbon in the gases ob- 
tained in the temperature range indicated 
is very much higher, there is little differ- 
ence in the mass of oxides of carbon per 
gram of coal, between the gases evolved at 
room temperature and those in the 200 to 
300° C range. There is, however, very dis- 


tinct evidence of decomposition in the 300 
to 400° C stage, both from the standpoint 
of the mass of oxides of carbon and the 
mass of hydrogen evolved. 

In a later paper 11 a similar experimental 
technique was applied to typical British bi- 
tuminous coals. The results and conclusions 
from experiments on a sample of “bright” 
coal from the “Wigan 6-foot seam” may be 
summarized as follows: coal has a definite 
decomposition point not appreciably af- 
fected by experimental conditions; with 
this coal it is 318° C and a month's heating 
in vacuum at 310° C caused no appreciable 
decomposition. Characteristic products of 
the decomposition were found to be water 
and phenolic compounds and gaseous paraf- 
fins. As soon as the decomposition point 
of the coal was passed, its characteristics, 
as evinced by its behavior toward sol- 
vents, its caking powers, and its reactivity 
in general, underwent a sudden and marked 
change. The hydrocarbons and resins, ex- 

ii Holroyd, R., and Wheeler, R. V., J. Ghem. 
Soo.j 1928, 2669-77, 3197-3203. 



Fig. 2. Relation between carbon content and decomposition temperature. 11 
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tractible from the coal by organic solvents, 
were found to be responsible for a high pro- 
portion of the oils obtained on distillation. 
The temperatures of active decomposition 
were found to vary for different bitumi- 
nous coals, and the data given indicate a 
definite correlation between carbon content 
and temperature of decomposition, Fig. 2. 
The rates of formation of gaseous paraffin 
hydrocarbons, phenolic bodies, and water 
through the critical range for the Wigan 
coal are shown in Fig. 3. 

Stone and Travers 12 have carried out a 
thermal decomposition of a British bitu- 

12 Stone, V., and Travers, M. W., J. Soc. Chem . 
Ind. f 52, C86-7 (1933). 


minous coal in a glass still evacuated by 
a combination of mercury vapor and me- 
chanical pumps. Although this design 
(Fig. 4) is undoubtedly much superior to 
any previously described, it seems probable 
that pressures inside the still were consider- 
ably higher than those measured by the 
gage near the pump, and reported at 1(L 2 
millimeter of mercury, and hence that the 
requirements for molecular distillation were 
not fulfilled. 

The data obtained are given in Table II. 
The experiments indicated that the quan- 
tity of distillate increased rather rapidly 
above 350° C. Reduction of particle size 



Temperature, Degrees 


Fig. 3. Rates of formation of gaseous hydrocarbons, water, and phenols through the critical range. 11 
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TABLE II 

Decomposition of Stavely Coal * in 
Vacuum 12 


Weight of coal, grams 

229.3 

218.1 

26.72 

218.0 

Temperature, °C 

350 

350 

350 

365 

Time, days 

6 

6 

5 

1 

Coal size, inches 

Ho 

Ho 

H 20 

Ho 

Loss in weight, percent 

9.4 

10.6 

10.7 

13.2 

Average pressure, centi- 





meters of mercury 



10 -3 

10 -4 


Distillate, Weight Percent of Coal 


Benzine-soluble 

5.16 

4.87 

6.84 

Alcohol-soluble 

0.43 

0.13 

2.70 

Liquid hydrocarbons 

1.52 

2.29 


Water 

1.05 

1.37 


Gas and loss 

1.22 

2.15 



* Volatile matter, 36.8% ; fixed carbon, 54.8% ; 
ash, 5.7%. 


to —Yi 20 inch seemed to have little effect. 
The greater part of the condensate was 
collected during the first 2 or 3 days, but 
the process had not actually come to an end 
in 5 or 6 days. The yield of distillate at 
350° C approached the quantity of product 


obtained by benzene pressure extraction. 
The process, even at 350°, was believed 
to involve chemical decomposition as evi- 
denced by gas formation. An interesting 
picture of the possible mechanism of the 
process was outlined as follows : “If one as- 
sumes that coal consists of very large mole- 
cules of continuous hexamethylene struc- 
ture, one may imagine that decomposition 
by distillation involves the-migration of hy- 
drogen atoms toward the edge of the struc- 
ture and the subsequent breaking away of 
hydrocarbon molecules ranging from gases 
to tars.” It is easy to see how this takes 
place, without the formation of hydrocar- 
bons of intermediate molecular weight in 
any large quantity, if one regards the de- 
composition of coal as taking place as in- 
dicated in Fig. 5. The change shown is 



Fig. 5. Thermal decomposition of condensed 
cyclic structures. 13 

analogous to that taking place when tetra- 
hydronaphthalene breaks down. 13 

Juettner and Howard 5 > 6 have studied 
the decomposition of a Pittsburgh Seam 
coal in a still which was designed to pro- 
vide the most favorable conditions for the 
decomposition of coal in vacuum, that is, 
elimination of collisions in the gas phase or 
with surfaces of higher temperature than 
those at which the volatile products origi- 
nated, The importance of the maintenance 
of a low pressure in such a system is obvi- 
ous when it is considered that, while the 
mean free path of a hydrocarbon molecule 
such as methane, at 350° C, is only changed 

13 Travers, M. W., J. Inst. Fuel, 6, 253 
(4932-33). 
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about a hundredfold when, the pressure is 
reduced from 1 atmosphere to 10 millime- 
ters of mercury, it is increased ten thou- 
sandfold when the pressure is further re- 


mm 


67 mrrH 


95 mm 


Fig. 6. Molecular still. 6 

duced from 10 millimeters to a thousandth 
of a millimeter of mercury. The apparatus 
is shown in Fig. 6. The still, of Pyrex glass, 
rested directly on the mouth of a Gaede 
four-stage mercury diffusion pump which 
was in turn backed by a high-speed on 
pump. The diffusion pump had a speed 
of 18 to 20 liters per second at pressures 


Fig. 7. Coal holder and heater 
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of 10 _ 3 millimeter of mercury and delivered on the walls, the whole middle section of 

the gases to the oil pump at backing pres- the still was well insulated, 

sures as high as 15 millimeters of mercury. The effects of temperature and of heat- 
The coal holder, shown in Fig. 7, consisted ing rate are illustrated in Fig. S. Curve 1 

of a helix of light-gage nickel 0.5-millimeter shows the yield of condensate obtained at 

wall, the individual turns of which were different temperatures in a continuous step- 



Temperature, ° C 

Fig. 8. Effect of heating rate. 6 


semicircular in section, mounted concave wise distillation of the same sample, 108 

side up on a mica support. The coal, of hours being required to reach the maximum 

which approximately 50 grams could be temperature. The marked effect of heating 

used, was placed in the trough thus formed, rate on yield of condensate is evident by 

The coal holder was heated internally by comparison with curve 2, where the coal 

an electric current, carried by flexible leads was heated in approximately 1 hour to the 

which passed through the still wall in large various distillation temperatures indicated 

copper-to-glass seals. The temperature of and maintained at the distillation tempera- 

the heater was determined and controlled ture for 6 hours. 

by a thermocouple junction silver-soldered Gaseous products were not collected in 
to the inside of the trough in which the these experiments, but, since the rate of 

coal lay, near the center of the helix. To pumping was constant, pressure readings in 

avoid condensation of high-boiling products the system furnish an index of gas evolu- 




770 


VACUUM DISTILLATION OF COAL 


tion. From Fig. 9, it is apparent that gas 
evolution starts at a temperature before 
appreciable amounts of condensable prod- 
ucts are evolved and continues as long as 
such products are obtained. Hence, it 
seems improbable that any significant frac- 


this effect is due to the “solvent action” of 
the initial decomposition products of the 
coal upon the residue, in the distillations in 
the Fischer retort. In the vacuum distilla- 
tion the vapor pressure of distilling prod- 
ucts at the surface was, except for a short 



■ - - — — — — -. 1 

100 200 300 400 500 600 

Temperature, * C 

Fig. 9. Rate of gas evolution. 8 


tion of the substance condensed existed as 
such in the original coal. 

In order to determine the specific effect 
of reduced pressure on the course of the de- 
composition, comparative distillations were 
made in a Fischer retort at atmospheric 
pressure in nitrogen. The results are shown 
in curve 3 of Fig. 8. The greatly increased 
yield at 400° C in the Fischer retort, over 
that obtained in vacuum at that tempera- 
ture, is very striking. It is probable that 


interval in the distillation, always low, 
probably less than 0.01 millimeter of mer- 
cury, whereas in the Fischer retort it ap- 
proached 1 atmosphere. Hence, solvent 
action would be at a minimum in the vac- 
uum distillation. 

General material balances for typical 
vacuum and Fischer retort distillations at 
525° C are shown in Table III, and the 
composition of condensates in Table IV. 
Because of the polymerizing effect of ele- 
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TABLE III 

General Balances in Vacuum and Fischer 
Retort Distillations 6 at 525° C 



Vacuum 

Fischer Retort 


Distillation 

Distillation 


20-40 Mesh 


20-40 Mesh 


Coal 

M-Coal 

Coal 

Coal, grams 

100 

100 

100 

Residue, grams 

72.2 

68.4 

76.0 

Condensate, grams 

21.7 

26.0 

18.0 

Gas, grams 

4.8 

4.4 

5.8 


TABLE IV 

Composition of Condensates 6 (20-40 Mesh 
Coal) 

Vacuum Fischer Retort 

Distillation Distillation 



Percent 


Percent 



of Con- 

Percent 

of Con- 

Percent 


densate 

of Coal 

densate 

of Coal 

, . ( Ether-insoluble 
Neutral l Ether-soluble 

32.24 

7.11 

15.77 

2.78 

40.25 

8.61 

42.60 

7.51 

Phenols and acids 

11.96 

2.56 

14.64 

2.58 


0.91 

0.20 

2.3 

0.40 

Water and loss 

10.85 

2.32 

22.57 

3.98 


vated temperatures on the primary degra- 
dation products of coal, a solvent method 
of analysis was used for examination of the 
condensates. They were first separated 
into material soluble and insoluble in ethyl 
ether. The material soluble in ethyl ether 
was then separated into neutral, acidic, and 
basic constituents in the usual manner. 
The material insoluble in ethyl ether was 
essentially neutral, free from “phenols and 
bases,” as indicated by the usual tests, but 
it undoubtedly contained molecules with 
phenolic hydroxyls. It is evident from 
Table IV that the most striking difference 
between condensates obtained in vacuum 
and at normal pressures lay in the much 
greater yield of “neutral ether-insoluble 
material” in the condensates obtained in 
the vacuum distillation, and the amount of 
these materials found in the degradation 
products of coal appears to be an impor- 


tant criterion of the extent to which sec- 
ondary decomposition had taken place. 

An approximately 50 percent greater 
yield of hydrogen in the vacuum distilla- 
tion, as compared with that at normal pres- 
sures, indicates that this gas is a primary 
degradation product of the decomposition 
of this coal at these temperatures, The in- 
crease in hydrogen content of the gases 
with time was the same as is observed in 
high-temperature carbonization, but the 
explanation usually offered in that type of 
decomposition, cracking of methane, is not 
tenable in vacuum distillation since in that 
distillation there was no opportunity for 
extensive secondary decomposition. For 
this reason, it appears probable that the 
increasing hydrogen content of the gases 
with time, in the distillation in vacuum, is 
due to some change in the mode of the pri- 
mary decomposition of the coal itself as the 
distillation proceeds. If the gaseous hydro- 
carbons formed early in the decomposition 
are reaction products of hydrogen with ali- 
phatic side chains, then, as these groups 
are eliminated, the ratio of hydrogen to hy- 
drocarbons must necessarily increase. 

The effect of decreased particle size on 
the nature of the distillate in vacuum is 
shown in Table V by the increased yield of 
condensate and especially by the increase 
in neutral ether-insoluble material and de- 

TABLE V 

Effect of Particle Size on Nature of 
Condensates 6 Obtained in Vacuum Distil- 
lation 


(M-Coal) 

Percent of Percent 
Condensate of Coal 


XT . . (Ether-insoluble 
Neutral | Ether-soluble 

60.0 

17.1 

29.0 

8.2 

Phenols and acids 

4.8 

1.3 

Bases 

0.58 

0.16 

Water and loss 

5.62 

1.5 



#era or tther msoiubes” Percent on Co 
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crease in neutral ether-soluble and phenolic 
and acidic constituents when coal of par- 
ticle size of about 1 ^ (0.001 millimeter) 
was distilled. These results confirm the 
view that the amount of “neutral ether- 
insoluble” is a criterion of the extent of 
secondary decomposition since, the smaller 
the coal particle, and the shorter the time 
required for escape of primary products, 
the higher the yield of neutral ether-insol- 
uble material. 

The results of a study of the yields of 
phenolic and neutral ether-insoluble sub- 
stances in vacuum and in the Fischer re- 
tort, using 20- to 40-mesh coal, are shown 
in Figs. 10 and 11. The greater yields of 
neutral ether-insoluble material and lower 
yields of phenolic bodies obtained in vac- 
uum indicate that the simpler phenolic 
bodies are produced by decomposition of 
the neutral ether-insoluble material. This 
view is confirmed by the low yields of phe- 
nols obtained in the vacuum distillation of 
the insoluble residue from benzene pressure 
extraction of this coal. The greater part 
of the phenols formed by decomposition of 
this coal in vacuum were shown to be de- 
rived from the material which was removed 
by the benzene extraction process. 14 

Distillation in vacuum has also been ap- 
plied to the examination of various macro 
constituents of coal and to products derived 

14 Unpublished data, Coal Research Laboratory. 


from it. Jones and Wheeler 15 separated 
a British bituminous coal into three frac- 
tions: (1) insoluble in pyridine, (2) soluble 
in pyridine, but insoluble in chloroform, 
and (3) soluble in pyridine and in chloro- 
form. On vacuum distillation, fractions 
(1) and (2) yielded only small amounts of 
liquids and these mainly phenols, whereas 
(3) gave 40 to 50 percent distillate below 
400° C and the distillate contained no phe- 
nols, but paraffin, olefin, and naphthalene 
hydrocarbons. 

Tideswell and Wheeler 16 applied decom- 
position in vacuum along with solvent ex- 
traction, and the action of certain reagents 
to samples of banded constituents of a 
British bituminous coal. Their findings 
are of broad interest. 

The general impression created • • • is of a 
gradation of properties as we pass from vit- 
rain to durain. Fusain stands apart. No 
characteristic reaction or behavior for any 
one of the components of banded coal, such 
as might be expected were there a fundamen- 
tal difference in chemical composition, was 
disclosed. Whilst making clear interesting 
differences * • • the work has not revealed 
the presence of essentially distinct types of 
chemical compounds peculiar to any of the 
ingredients of banded coal. 

is Jones, D. T., and Wheeler, R. V., J. Client. 
Soc. 3 107, 1318-24 (1915). For a general review 
see Wheeler, R. V., J. Inst. Fuel 3 12, 8-19 (1938). 

16 Tideswell, F. V., and Wheeler, R. V., J 
Client. Soc 115, 619-36 (1919). 
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INDUSTRIAL COAL CARBONIZATION 

Fred Denig 
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Industrial coal carbonization is carried 
on in America in large-scale operations 
either as beehive or as byproduct coking. 
The characteristic feature of beehive cok- 
ing is the production of the necessary heat 
by combustion within the oven. In by- 
product coking, on the other hand, the 
production of the heat necessary for cok- 
ing is in flues adjacent to the chamber 
holding the coal, the heat passing through 
the wall that separates the coal-containing 
chamber and the flues. No air is permit- 
ted to enter the byproduct oven, and all 
volatile byproducts are withdrawn from 
the chamber and collected within a “col- 
lecting main” for transmission to the by- 
product house where they are separated 
from the gas in either the gaseous, liquid, 
or solid phase by scrubbing, cooling, chem- 
ical reactions, or other methods. The by- 
product oven is usually a narrow, high, 
and relatively long chamber; groups built 
adjacent to one another are known as bat- 
teries. The ovens hold from 5 to 30 tons 
of coal, the average American oven hold- 
ing from 12 to 18 tons of coal, depending 
upon its dimensions. Such ovens are 
charged from their tops, provided with end 
doors, which are removed when coking is 
complete and the coke is pushed out hori- 
zontally with a ram on a machine called a 
pusher. 


Small-scale operations include a variety 
of designs of retorts. Almost all types of 
intermittent retorts are byproduct ovens. 
In the intermittent ovens the charge is 
static. The oven may be a small circular 
or D-shaped section of various lengths 
usually holding only a few hundred pounds 
of coal; or it may be built on an angle 
so that the resultant coke can slide out by 
its own weight when the door is removed; 
or the chamber may be vertical and the re- 
sultant coke dropped out by means of a 
bottom door; or the oven may be a small 
reproduction of the larger oven designs. 
Continuous retorts allow the coal to move 
downward through a high, narrow, vertical 
chamber. Heating is carried on as in other 
types of byproduct systems, and byprod- 
ucts are removed and collected. Sole- 
heated ovens are a form of byproduct oven 
wherein the heating flues are located below 
the oven floor and the heat passes through 
the floor to reach the coke. In electrically 
heated ovens, the heat developed by pass- 
ing electricity through a layer or core of 
coke adjacent to or within the coal mass 
is used for coking the charge. In all the 
systems cited above the resultant coke is 
heated up to a temperature ranging from 
1,500 to 2,000° F (average practice 1,700 
to 1,900° F). In low-temperature carboni- 
zation the temperature of the end product, 
774 
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i.e., the coke, is held to not over 1,000° F. 
Mid-temperature coking, which involves 
the coking of special mixes at intermediate 
end temperatures of 1,200 to 1,300° F, is 
entirely European and has never been tried 
in America. 

Almost the entire American coke produc- 
tion since 1935 has been carried on in the 
horizontal chamber byproduct coke oven. 
The production of beehive coke has been so 
small during the greater part of the period 
1930 to 1940 as to be almost negligible. 
Beehive coke ovens are now considered 
only standby carbonization equipment of 
low capital cost to take up excess demand 
that might arise during periods of extraor- 
dinary industrial activity caused by short 
boom times or by war. Only a few re- 
maining continuous and intermittent ver- 
tical retorts are in operation. These re- 
torts as well as the old horizontal and in- 
clined retorts have been almost entirely dis- 
placed by the large central byproduct coke 
plants for gas- and coke-making purposes. 
These large central carbonization works are 
located at strategic centers with considera- 
tion to shipment and delivery of coal, use 
or marketing of coke, and distribution of 
gas. Another factor contributing to the 
obsolescence of the small vertical and hori- 
zontal retorts has been the appearance and 
delivery of natural gas in the entire Missis- 
sippi Valley area, lower Pacific Coast area, 
Rocky Mountain areas, etc. This fact has 
eliminated hundreds of small coal-gas man- 
ufacturing plants. The large central works 
on the Atlantic Coast have hastened the 
elimination of the small plants in that area. 
Low-temperature carbonization has never 
in the past proved of much interest or 
value to the American carbonization indus- 
try. It is doubtful that true low-tempera- 
ture coke has any future in the American 
fuel market, although it may be of great 
value in Mexico and Latin America as a 


substitute for wood charcoal for domestic 
purposes. Low-temperature char promises 
to have value as a substitute for low- vola- 
tile coal where coals are blended and the 
cost of low-volatile coal is too great to jus- 
tify its use. This is particularly true of 
the Rocky Mountain, Pittsburgh, and 
southern coking areas. 

The Beehive Oven 

The beehive oven is the oldest form of 
oven used for carbonizing coal. In the 



S 1900 1904 1908 1912 1916 1920 1924 1928 1932 1936 
Fig. 1 . Production of beehive and byproduct 


coke in the United States, 1900-38. 1 

year 1916 as much as 120,000 tons of coal 
per day were carbonized in the beehive 
oven; during the great depression this fig- 
ure fell to less than 1,000 tons per day; in 
January, 1941, this figure increased to 
19,000 tons per day. The trend in pro- 
duction of coke by these two methods is 
shown in Fig. I. 1 For many years some 
beehive ovens will still be operated; they 
do offer a means of manufacturing coke 
at low capital cost. 2 * 3 
The older types of beehive ovens were 
built of firebrick and stone, as illustrated 

1 Bennit, H. L., Minerals Yearbook 1939 „ 
U. S. Bur. Mines, Washington, D. C., 1939, 
p. 869. 

2 Porter, H. C., Coal Carbonization , Chemical 
Catalog Co., New York, 1924, p. 58. 

3 Fox-well, Ct. E., Gas Eng., 48, 695-7, 698 
(1931). 
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in Fig. 2 : i Coal is charged at the top 
through a charging hole, and the charge is 
leveled off through the side door. Gases 
are driven off by the sensible heat remain- 
ing in the floor, oven walls, and roof from 
the previous charge. Air is admitted 
through openings in the side door, and 
combustion takes place largely above the 
bed of coal, the combustion gases being 
vented through the charging hole. The 
coking action is downward. The control of 
the amount of air admitted through the 
side door is most important; otherwise a 
considerable amount of the coke itself 
would be consumed. The amount of air 
must be carefully reduced as the coking 
proceeds to prevent coke loss. The charge 
of coal is usually 5 to 6 tons, and the time 
of coking from charge to charge runs from 
:8 to 72 hours. 

The beehive oven loses all the gaseous 
and liquid byproducts. There is also lost 
the heat in the unburned portions of these 
liquid and gaseous products as well as the 
sensible heat of these gases. Porter 5 has 
given the following table: 

Btu 

Original heating value, 1 pound coal 13,500 

Remaining in 0.63 pound coke 8,060 

Burned in oven to effect coking: 

0.07 pound coke 900 

0.06 pound tars and oils 1,000 

5.5 cubic feet gas _ 3,200 

Total used for coking (of which 1,800 is 

recovered) 5,100 

Miscellaneous losses 340 

Total 13,500 

The magnitude of this loss led to the de- 
velopment and application of the waste- 
heat-recovery oven. There are various 

4 XJ. S. Census Bur., 10 th Rept ., CoJce Sec- 
tion, 1880. 

5 See p. 109 of ref. 2. 


forms of this type of oven, many having a 
duct leading from the charging hole to a 
master waste-heat flue located above the 
ovens. The waste-heat flue carries the hot 
gases to a waste-heat boiler. 

Figure 3 illustrates a rectangular waste- 
heat oven operated by mechanical pushing 
and leveling machines. Following are data 
for such an illustration: 


Average coal charge, per oven 

(2 percent water), tons 11.33 

Average furnace coke per push, 
tons 6.95 

Average coking time, gross 72 hr. 25 min. 

Blast-furnace coke recovery, per- 
cent 61.33 

Breeze, percent 7.81 


69.14 

Pounds of water evaporated per 
ton coal charged 3,198 

Steam pressure, pounds per 

square inch 190 

Superheat of steam, °F 146.1 

Feed-water temperature, °F 207 


On this basis there is recovered 10.6 
boiler horsepower per ton of coal, or 1,760 
Btu per pound of coal. This figure com- 
pares favorably with Porter’s 1,800 Btu 
per pound of coal recovered. 2 * 6 
The old beehive oven with its loss of by- 
products and heat and its smoke nuisance 
led to the development of the waste-heat 
beehive oven. In order to improve the 
mechanical handling of the coal and coke, 
as well as reduce the cost of labor, the 
rectangular waste-heat oven was developed. 
However, in spite of these improvements 
this type of coking required the use of ex- 
tremely high-grade coking coals, leaving be- 
hind coals of inferior coking power. 

6 Bel&en, A. W., XJ. S. Bur. Mines, Tech. 
Paper 50 (1913), p. 20. Pratt, A. D., Met. & 
Chem. Eng., 16, 27-31 (1917). Harris, G. W., 
Coal Age, 15, 44-8 (1919). Weihe, C. R., Md., 
IS, 479-81 (1920). 
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Fig. 3. Horizontal-type -waste-heat oven. 
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Inventors, following the trend, added 
vertical flues to the waste-heat ovens and 
pulled the gases driven off the ovens down 
through these flues located adjacent to the 
coking chamber. Air was also pulled in, 
and combustion took place in the flues in- 
stead of within the oven. Thus the heat 
was conducted through a diaphragm or a 
wall into the coking mass instead of being 
radiated directly by means of a burning 
flame. 

The Byproduct Oven 

The byproduct oven as it stands today 
involves a large number of operations that 
must be satisfactorily tied together to have 
a smoothly operating unit. The first con- 
sideration is the coal or coal mix to be 
charged to the oven. The types of coals 
to be used in each plant must be deter- 
mined by the individual management. In 
general the following considerations must 
be weighed: (a) availability of desired 
coal; (5) quality of various coals offered 
(including moisture and ash content and 
composition, ash-fusion temperature, vola- 
tile content of coal, gas and byproduct 
yield of the coals, expansion forces set up 
by coal when heated) ; (c) cost of coal at 
mine; ( d ) freight of coal from mine to 
plant; (e) blending of coals, if desired or 
necessary; (/) physical and chemical prop- 
erties of final coke; and ( g ) storage char- 
acteristics of coal. 

After all the above factors have been 
considered and the desired coals selected, 
the coal is brought into the plant by train, 
barge, or ship, unloaded, and sent either to 
storage or to the preparation plant. Coal 
should first pass under a powerful magnet 
to remove any tramp iron that might be 
present. The coal then commonly passes 
through a breaker, which is usually a ro- 
tating cylindrical screen, where it is tum- 
bled about and the larger pieces broken 


down until they pass through the screen 
opening (about 2 inches in diameter), and 
large pieces of slate, rock, tramp iron, and 
lumber are cast out at one end. The coal 
then flows into a pulverizing mill, usually 
of the hammermill type, where it is pul- 
verized to pass 80 to 90 percent through 
a %-inch opening. Some plants pulverize 
more finely in order to secure better qual- 
ity of coke, better mixing, and better con- 
trol of weight of coal per cubic foot. There 
are certain practical limits to the degree of 
pulverization, one of the chief limits being 
the amount of coal dust carried out of the 
oven and settling in the coal tar. However, 
the degree of pulverization must finally be 
settled at each plant to meet its own con- 
ditions. 

At some plants where only a single type 
of coal is carbonized and where an inti- 
mate mixture is not absolutely essential, 
the coal is crushed only to a point where 
maximum bulk density is obtained. This 
results in a coal whose overall size distribu- 
tion consists of particles 2 inches by zero 
and which gives a bulk density often 15 to 
20 percent greater than similar coals 
crushed to Ys inch or under. Carbonizing 
this so-called run-of-mine coal is conducive 
to greater oven and plant capacity. 

The coal passes from the pulverizers into 
bins, each bin containing a certain coal. 
The coal is fed from the bins by gravity 
onto moving belts, the width and depth of 
the coal stream being definitely regulated 
so that a given weight is discharged per 
unit of time. When mixing coals, the vari- 
ous regulated streams are fed onto a master 
belt that conveys the mixed coal to the 
storage bins located above the ovens. The 
coal is mixed as it falls at several belt con- 
veyor junctions. Some few plants are 
equipped with mechanical mixers, but, on 
the whole, dropping and change of direc- 
tion of flow are relied upon for mixing. 
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Occasionally mixing paddles are added to 
stir up the coal on falling, to aggravate 
change of direction, etc. 

The storage bins for the coal are always 
located at the end of a battery of ovens 
and are sufficiently high to permit coal 
larry cars to run under the bins and clear 
all steelwork. The bins are supported by 
heavy steel columns. The bins carry at 
least 24 hours’ supply for the ovens they 
are arranged to serve. Usually one bin is 
located between two batteries. Below the 
bin, level with the top of the coke oven, 
is located a large platform scale. The 
larry car that carries the coal from the 
bin to the ovens is weighed before and 
after filling; thus a record is kept of the 
exact weight of coal charged, and where 
desirable the exact weight of coal sent to 
each oven can be controlled. 

In plants employing volumetric charging 
methods the larry car is not weighed at 
each charge but rather filled to a prede- 
termined level corresponding roughly to the 
capacity of the oven. 

The larry car has gone through many 
modifications since the turn of the century. 
The oven is equipped with one to five 
charging holes, and the larry has sufficient 
hoppers to match the number of charging 
holes in the oven. Formerly each hopper 
had its own carriage. For many years, 
however, all the hoppers have been 
mounted in a row on one carriage. The 
carriage is propelled by an electric motor 
through a gear reduction device. The car 
travels on standard railway rails fastened 
to the top of the oven. Modern construc- 
tion carries the hoppers suspended from an 
overhead steel structure forming a part of 
the carriage. The hoppers are conical in 
shape, and the overhead suspension of the 
hoppers permits clear space between them 
and enables workmen to walk around each 
hopper. 


When the loaded larry is in position over 
the charging holes of the empty oven that 
is ready to receive the coal charge, the 
hopper gates are dropped according to a 
procedure set up in each plant. The coal 
falls into the oven from the hoppers in 
stepwise fashion so as to assist in leveling 
the top of the coal, speed up charging, and 
prevent to some degree localized packing. 
When the charging is about complete, the 
pusher machine is set in front of the oven 
and a long specially shaped steel structure 
known as a leveler-bar is inserted at the 
upper part of the oven through a small 
leveler-door. The bar is pushed back and 
forth horizontally through the coal mass by 
means of cables operated from a motor. 
The leveler-bar pushes and pulls the coal 
over the top of the oven, evens the charge, 
and leaves a clear passage through which 
the gases resulting from the action of heat 
on the coal can pass. 

When all the coal has left the larry hop- 
pers, the larry is sent back for a load of 
coal for the next oven and the leveler-bar 
is removed from the oven just charged, the 
leveler-door is closed, the charging-hole lids 
are placed on the holes, and the oven is 
connected to the hot gas-collecting main by 
means of a vertical standpipe. This , pipe 
is made of cast iron and in modern prac- 
tice is lined with a refractory material. 
There may be two standpipes on an oven, 
one at each end. If so, two gas-collecting 
mains are provided, one on each side of 
the oven battery. These two mains then 
connect into a common crossover main. 
This main derives its name from the fact 
that it carries the gas from the collecting 
main or mains across and over the pushing 
machine (which travels on a track in front 
of the battery) to the byproduct house. 

The standpipe is equipped with a simple 
hydraulically sealed valve located next to 
the standpipe. This valve is simply a mov- 
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cup that can be swung by an arm 
under a gooseneck that fastens the stand- 
pipe to the collecting main. Weak am- 
monia liquor is continuously sprayed into 
the gooseneck (collecting-main side), and 
when the cup is out of the way and the 
opening clear and free the liquor cools the 
gas to about 180° F, causes some condensa- 
tion of tar, and saturates the gas with 
water vapor at this temperature. When 
the cup is swung into position it almost 
touches the gooseneck pipe, the cup fills 
with liquor and shuts off the flow of gas 
from oven to collecting main, or, should 
the standpipe lid be open to the air, pre- 
vents gas from escaping from collecting 
main to the air or into the oven. 

When the coal falls into the hot oven, 
gasification begins immediately and contin- 
ues until most of the volatile matter is ex- 
pelled. The practices at various coke 
plants are such that from 1 to 3 percent 
volatile matter remains in the coke as 
pushed to yield a product of maximum 
metallurgical value. The gas pressure at 
the bottom of the oven may be as high as 
1 to 2 pounds per square inch. However, 
within an hour or two this subsides, largely 
because the gas finds passage through the 
coal mass and along the walls. Later the 
pressure drops to a few millimeters of water 
pressure, and, often during the coking and 
always at the end of the coking period, the 
gage pressure (differential from atmos- 
pheric at the same level) is less at the bot- 
tom than at the top of the ovens, and at 
the top less than at the collecting main. 
This is due to the natural buoyancy of the 
gas (pressure of hydrogen, methane, etc.) 
and the buoyancy caused by the high tem- 
perature of the gas. The gas pressure is 
carefully controlled in the collecting main 
by means of a mechanical regulator located 
at the junction of the collecting mains 
and crossover main. For optimum effi- 


ciency and plant maintenance, pressure con- 
ditions in the collector main should be such 
that a slight positive pressure be main- 
tained at the bottom of the oven, thereby 
preventing the infiltration of air and conse- 
quent local heating resulting from combus- 
tion in the oven chamber. The exhausters 
in the byproduct house pull the gas through 
the collecting main to the house, and a 
slight vacuum with respect to the atmos- 
phere is carried on the crossover side of 
the regulating valve, enabling an exact 
pressure, usually amounting to 3 to 20 mil- 
limeters of water, to be carried in the col- 
lecting main. 

By operating a steam jet in the stand- 
pipe, thus pulling a suction on the top of 
the coal, the standpipes can be so oper- 
ated as to prevent smoke from coming out 
of the charging holes during charging. This 
practice is partially successful in eliminat- 
ing smoke if there is one standpipe and 
completely so with two (one at each end of 
the oven). For complete smokeless charg- 
ing a single- or three-hopper larry should 
be used. In practice the sequence of oper- 
ation with a three-hopper larry is as fol- 
lows: First, the loaded larry car is placed 
in charging position, the center charging 
lid is put in place, and the two outside lids 
are opened. Then the operator cuts the 
standpipe into the collecting mains, closes 
the standpipe lid that was open to air, and 
turns on a steam jet to pull suction on the 
oven and to prevent the collecting-main 
gas from backing into the oven. Finally, 
the larry operator drops the coal from the 
two end hoppers, and when they are empty 
he puts on the two outside charging lids, 
removes the center lid, and drops the cen- 
ter hopper load into the oven. When the 
coal flow stops, the leveler operation begins 
and continues until all the coal is leveled in 
the oven; the leveler is then withdrawn, the 
leveler door is closed, the top lid is pushed 
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in place, and the steam jets are shut off. 
Some successful applications of smokeless 
charging are accomplished on ovens fitted 
with a single collector main by means of a 
duct on the larry car through which 
trapped gas is conducted to a free charg- 
ing hole on an adjacent oven that has been 
temporarily placed under suction. 

Ovens are charged and pushed in series. 
If adjacent coke ovens were pushed and 
charged in succession, the temperature drop 
in the heating wall between any two ovens 
would be very serious. In order to prevent 
such drops and to even out heats through- 
out the battery, pushing schedules of vari- 
ous types are employed. One of the most 
familiar is that developed by Dr. H. Hop- 
pers, which operates as follows: assuming 
a battery of, say, 50 ovens numbered from 
1 to 50, the ovens numbered with l’s — 1, 
11, 21, 31, and 41 — are pushed one after 
the other; when this series is complete, 3 
is added and the 4 series is pushed: 4, 14, 
24, 34, 44; when this series is complete 3 
is added and the 7 series is pushed, which 
is followed in turn by the 10 J s, 3’s, 6 ? s, 9’s, 
2’s, 5 J s, S’s, and finally the cycle returns 
to the 1 series. Marquard has developed 
a unique mathematical method of a differ- 
ent series. 7 Many other operators have 
developed their own schemes of systematic 
pushing schedules involving dividing the 
battery or batteries in blocks, etc. All 
have the same idea in common: (1) to 
have ovens of approximately the same age 
on each side of the oven to be pushed; 
(2) to have the age of the ovens such as 
to restrain any wall movement should 
mildly expanding coals be charged; (3) 
to maintain uniform heats. 

The modern oven is about 40 feet long, 
IS inches wide, with a taper from one end 
to the other of about 1.5 to 4 inches. The 

7 Marquard, W. B., U. S. Pat. 1,323,711 
(1919). 


height will run from 12 to 14 feet. Such 
an oven (12 feet high) will contain 720 
cubic feet and with coal weighing 50 
pounds per cubic foot will hold IS tons. 

The coking speed for ordinary metal- 
lurgical coke in such an oven will run from 
1.0 to 1.1 inch per hour. Thus, the cok- 
ing time will be from IS to 16.4 hours. 
When the coking is complete and at a fixed 
time on the schedule, the oven is “pushed” 
after removing the doors at both ends of 
the oven. On the pusher side is located 
the pusher machine that rides on a track 
the full length of the battery. The ma- 
chine is large, cumbersome, and heavy, but 
the equipment is so ingeniously designed 
that one man can manipulate it. The 
machine has a motor drive to move it on 
the track, and it can be set at any point 
within y< 2 , inch. It is equipped with door 
removal and handling mechanism since the 
doors weigh more than a ton. The pusher 
is also equipped with a coal leveling bar 
and its driving mechanism. The machine 
derives its name from the enormous ram 
that it carries for the purpose of pushing 
the coke horizontally out of the oven. The 
ram head has almost the same cross-sec- 
tional area as that of the oven, there be- 
ing a clearance of about 1 inch around the 
periphery of the head at the pusher or nar- 
row side of the oven. The head is fol- 
lowed by a steel beam over 50 feet long 
resting on rollers. The bottom of the ram 
beam is furnished with a rack of teeth that 
mesh with a spur gear or “bull pinion” 
driven by motor through a reduction gear. 
The operator guides the pusher so that the 
center line of the ram head is approxi- 
mately in line with the center line of the 
oven, brings the ram head gently against 
the vertical coke face, and then allows full 
power to drive the ram forward, and the 
coke is pushed ahead out of the oven on 
the opposite or coke side. 
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On the coke side a separate machine has 
removed the door, and a “coke guide” is 
set in place in front of the oven. The func- 
tion of this guide is to prevent coke from 
falling and scattering as it leaves the oven. 
The guide is built of a steel framework 
lined with strips of steel 3 to 4 inches wide 
and spaced 3 to 4 inches apart to prevent 
warping, is set on wheels, and is manipu- 
lated from the coke side door machine. 
The coke falls from the guide into a “hot 
car,” usually of steel and cast-iron con- 
struction, which rests on standard railroad 
wheel trucks. The car is pushed along by 
an electric locomotive, equipped with air 
compressors that furnish air for the car 
wheel brakes and also operate gates on the 
hot car. The bottom of the hot car is in- 
clined at an angle of more than 23° to the 
horizontal, and the bottom inclines away 
and downward from the coke bench. The 
coke ram follows the coke to the end of 
the coke guide. All coke falls into the car, 
which is slowly moved during the pusher 
operation so as to spread the coke uni- 
formly throughout the length of the car. 
When the ram is withdrawn and the doors 
are replaced, the oven is ready for another 
charge. The coke car, often called a 
“quencher car,” is run into a tower 
equipped with sprays, and about 10,000 
gallons of water is sprayed onto the coke 
resting in the rt ar in the space of one to 
two minutes. Tne water is hot, and this 
assists in securing low-moisture coke after 
draining takes place. The hot car is then 
run in front of a coke wharf, which is also 
inclined, the gates of the car are opened, 
and the coke is allowed to slide out onto 
the wharf. The coke is removed, screened, 
and sized and then is ready for use or ship- 
ment. 

The older coke-oven doors were made of 
cast iron lined with brick and set against a 
brick or cast-iron frame. The joint re- 


maining between frame and door edge was 
filled with mud made from clay. The plac- 
ing of this mud, known as luting, was a 
long, arduous job. These doors have now 
been replaced by “self-sealing” ones, which 
are equipped with a relatively sharp steel 
angle that fits against the machined face 
of the door frame. The fitting edge or 
“knife edge” is somewhat flexible, and if 
both the knife edge and the flat door-frame 
surface are kept clean the sealing is practi- 
cally perfect. Such doors eliminate much 
of the hard labor about a coke oven. 

The heating of the coke oven is super- 
vised by experienced men known as heat- 
ers. In all modern ovens all the gas is 
burned in series, that is to say, alternately 
on walls of a set of two walls. Gas and 
air valves are reversed at definite time in- 
tervals by automatic machines operated by 
timing devices. Once a battery is set for 
a given coking speed, little regulation is re- 
quired. The heater must, however, be 
eternally vigilant, watching for over- and 
underheating, mechanical breakdowns, and 
accidents, and seeing that maintenance is 
kept up to prevent upsets in the heating. 

The details of oven heating will be de- 
veloped in detail later in this chapter, since 
heating has been the controlling element in 
coke-oven design. For practical purposes 
ovens are designed to be heated with either 
coke-oven gas that has been treated in the 
byproduct house for removal of tar, am- 
monia, benzene, toluene, xylenes, naphtha- 
lene, sulfur, cyanogen, etc., or with “lean” 
gases such as producer gas (125 to 135 Btu 
per cubic foot heating value) or blast-fur- 
nace gas having a heat content of 90 to 95 
Btu per cubic foot. Oven gas may be di- 
luted with water or blue gas, producer gas, 
air, inert gas, or other gases. The usual 
heating value of coke-oven gas used for 
heating ovens ranges from 525 to 550 Btu 
per cubic foot. It is sometimes diluted to 
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as low as 400 Btu. The oven gas is intro- 
duced at atmospheric temperature in the 
standard ovens into a refractory channel 
about 5 inches in diameter lying horizon- 
tally about 2 feet below the bottoms of the 
flues. Gas flows from this “gas gun” into 
separate vertical holes that terminate in 
refractory nozzles, which regulate the vol- 
ume to each flue. Preheated air enters the 
flue from ports connected to the underlying 
regenerators, and combustion takes place. 
The gas gun runs the full length of the 
oven and is fed from the master gas main 
from either side or both sides simultane- 
ously. In the under jet oven, the gas to 
each wall is fed into a pipe in the cellar 
below the regenerators. One master pipe 
is supplied to each wall; from this master 
pipe, individual feeder pipes run to vertical 
refractory ducts leading to the individual 
flues. The ducts are located in the regener- 
ator walls that support the flues. The mix- 
ing of air and gas in the flues is similar to 
that in the design using the gas gun. 

When lean gas is burned it must be pre- 
heated in the regenerators before being 
mixed with the preheated air. The regen- 
erative system is divided up so that certain 
up-flow regenerators preheat incoming air 
and certain other regenerators preheat the 
lean gas. The gas port arrangement is such 
as to mix the lean gas and air properly 
and, in some designs, as in the modern 
Becker oven, to regulate gas volume. Lean 
gas and air are fed into the bottoms of the 
regenerators by means of suitable valving 
arrangements; the same thing is true of 
the waste gases leaving the regenerators 
and the coke-oven gas when it is used for 
heating. All these valves are connected to 
rods or cables that operate from a revers- 
ing machine, which in turn is actuated by 
a motor drive operated by a time clock. 
Reversals are usually 20 to 30 minutes 
apart, allowing gas to burn in alternate 


flues for this period of time. The amount 
of the various gases burned, etc., is con- 
trolled from centrally located valves under 
the supervision of the heaters. In almost 
all ovens waste gas (i.e., products of com- 
bustion) is removed by natural draft cre- 
ated by a high chimney. 

Development of the Byproduct Oven 

The use of the waste-heat oven improved 
the coke yield from any given coal, but 
operators began to appreciate that valu- 
able byproducts were being lost when the 
products of distillation were burned. About 
the middle of the nineteenth century vigor- 
ous and successful attempts were made to 
recover tar and ammonia. The first really 
successful coke oven of the byproduct re- 
covery type was the Simon-Carves oven. 8 
This oven was a simple recuperative type 
for preheating the air for combustion and 
was provided with horizontal heating flues 
located next to the oven wall. (See Fig. 4.) 
There was no introduction of air or com- 
bustion within the oven. The gases evolved 
from the coking coal were passed through 
a standpipe and hydraulic main and then 
pulled through condensers and scrubbers. 
Gas, free from ammonia and tar, w r as re- 
turned to the ovens for burning to supply 
the necessary heat of carbonization. 

The Simon-Carves oven was followed by 
the Coppee, Hiissener, and Otto-Hoffmann 
ovens. Many Otto-Hoffmann ovens were 
built in the United States. The byproduct- 
recovery equipment developed by Otto 
contributed materially to the success of the 
oven, which in itself was a notable improve- 

s Fulton, J., Treatise on Coke 3 International 
Textbook Co., Scranton, Pa., 1905, p. 221. Bone, 
W. A., Coal and Its Scientific UseSj Longmans, 
Green & Co., London, 1918, 507 pp. The Coke 
Oven Managers’ Assoc., The History of Coke 
Making and The Coke Oven Managers > Associa- 
tion , W. Heffer & Sons, Cambridge, England, 
1936, 136 pp. Otto, C., Blast Furnace Steel 
Plant , 28, 53-7, 96-7 (1940). 
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Fig. 4. The Simon-Carvds oven, after Fulton. 8 o, o' 3 charging larries ; a 3 charging ports to oven ; 
b 3 c 3 doors to each end of ovens ; i 3 pipe and tuyeres for transmitting gases ; m 3 fines under ovens for 
gases and heated air; j 3 nozzle to mix gases with air in flues m; g 3 h 3 g y3 h l3 g 23 recuperator for 
smoke and waste heat from flues n ; h 3 h ±3 flues to allow the gaseous products to escape to chimney ; 
3, g lf g 2 , flues for passage of air, which is heated on its way by contact with the hot walls of the 
flues h, h ; e 3 opening on top of oven to collect the gases ; d 3 valve to regulate the gases ; f 3 coke 
wliarf where the coke is cooled. 


ment in the art. This oven (Fig. 5) 9 had 
vertical flues and recovered waste heat 
from the products of combustion by means 
of regenerators. The two regenerators were 
long, latticed, brick flues, running trans- 
versely of the coking chambers, and at one 
end each was connected to the chimney by 
means of a reversing valve. The air was 
preheated to about 1,000° C. This practice 
left part of the byproduct gas available for 
other purposes. The excess gas amounted 

9 See p. 236 of Fulton, J., in ref. 8. 


to about 40 percent of the total production. 

The Otto-Hoffmann oven was modified 
by Sehniewind 10 It was provided with 
vertical flues in groups of four, and the fuel 
gas was fed to the combustion chamber e 
(Fig. 6) below each group of flues. 11 This 
was the first of the “underfeed” type of 
coke ovens. The fuel gas to each section 
could be accurately controlled. The regen- 

xo Sehniewind, F., U. S. Pats. 627,595 (1899), 
644,368-9 (1900), 668,225, 673,928 (1901). 

11 See p. 252 of Fulton, J., in ref. 8. Mott, 
R. A., Fuel, 6, 373-80 (1927). 
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erators ran at right angles to the ovens not a satisfactory oven for utilizing lean 

and were independent of the oven brick- gases such as producer gas or blast-furnace 

work so that the expansion of the oven gas, as a heating medium. The velocity of 

brickwork would not seriously affect the combustion was high in the flues, and this 

regenerator brickwork, in turn caused a high pressure drop in 

The first byproduct ovens to be built in order to remove the waste gases and ne- 

America were Semet-Solvay flue ovens pro- cessitated a suction fan to furnish suffi- 

vided with horizontal heating flues in the cient draft. However, the ovens were easy 



Fig. 5. Longitudinal section of an Otto-Hoffmann oven, after Fulton.® 


heating walls. The outstanding character- to repair and in fact could be repaired 
istic of these ovens lay in the fact that without affecting the adjoining ovens, 

each oven was constructed so as to be in- The demand for a cheaper oven that 
dependent of the ones next adjoining. Each would also burn lean gas such as producer 

oven had its own individual heating flues, gas and blast-furnace gas was met by the 

separated from those of the adjoining wall Hoppers cross-regenerative coke oven, 

by a solid wall of firebrick, which gave ad- This oven was first built in America at 

ditional strength to the structure and also Joliet, 111. The Hoppers oven was simple 

acted as a heat-storage reservoir. The and strong. The heating flues were ver- 

oven was relatively expensive to build and tical, connecting into a common horizontal 

offered many operating difficulties, owing to flue. The ovens were provided with indi- 

the high suction conditions maintained in yidual regenerators end to end and parallel 

the horizontal combustion flues. Although with the longitudinal axis of each oven, 

each oven of this old Solvay type (Fig. The reversal of air and waste gas took 

7) 12 was provided in the course of devel- place at the end of each burning period 

opment with individual regenerators, it was (usually one-half hour), switching air and 

12 See also p. 171 of Porter, H. c„ in ref. 2. gas from one side to the other. Hoppers 



Fig. 6. Scliniewind oven, after Fulton. 11 




UP DRAFT 

Fig. 7. Semet-Solvay standard double-pass regenerator oven. 


added damper bricks to the top of each 
flue so that the amount of air admitted 
to each flue could be regulated. Gas was 
supplied from the side of the battery, 
through a channel (“gas gun”) which ex- 
tended below the vertical flues, a removable 
gas nozzle being fitted to each vertical flue 
(Figs. 8 and 9). 

This oven was very successful. Its rug- 
gedness and simplicity of construction in- 
sured a long operative life. Owing to the 


large size of the horizontal flue required 
when heating with blast-furnace gas, the 
oven structure was definitely weakened at 
the horizontal flue. 

Denig 13 analyzed the difficulties of the 
old form of the Koppers oven as follows; 

Because of the demand for a larger capac- 
ity oven and in order to handle lean gas, 
such as producer gas or blast-furnace gas, it 

13 Denig, F., Iron Steel Engr., 15, No. 10. 
32—53, 63 (1938). Cf. Wilputte, L., Blast Fur- 
nace Steel Plant , 27, 471-86 1939). 
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Denotes Leakage Points 



Fig. 8. Old Koppers oven -with rich-gas heating. 


was necessary to considerably enlarge the 
conventional horizontal flue located near the 
coal level in order to prevent excessive flow 
velocities, and this resulted in a weakening 
of the upper structure. Also, in order to con- 
trol the volume of fuel gases entering the in- 
dividual flues, it was necessary to use sliding 
bricks where the vertical flues entered the 
horizontal flue, and this in itself considerably 
increased the pressure differential between 
the heating and horizontal flues and conse- 
quently the pressure differential throughout 
the battery. The horizontal flue for blast- 
furnace-gas practice became so large as to 
render its use both impractical and dangerous 
to the life of the oven. 

In comparing an old Koppers oven having 
a capacity of 18 tons of coal per day, when 


using coke-oven gas as the underfiring me- 
dium, with a modem oven of 28 tons of coal 
per day throughput while using blast-furnace 
gas for underfiring, we find that the volume 
ratio between their waste gases is in the pro- 
portion of about 1 to 2%. In order to main- 
tain comparable velocities in the two hori- 
zontal flues, the horizontal flue of the larger 
oven would have to be not less than 2% 
times the area of the old Koppers horizontal 
flue. This entire space would be unsupported 
and so weaken the horizontal flue that it 
could be easily pushed in, and such design 
was therefore out of the question. Experi- 
ence had already taught that a horizontal 
flue of say 13-inch height, even in small 
ovens, was altogether too weak. Experience 
has also proven that this is even much more 
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Pig. 9. Old Koppers oven with producer-gas heating 


) Denotes Leakage Points 


serious for the higher ovens because any- 
given angular distortion is reflected in the 
horizontal flue in proportion to the oven 
height. 

Another serious defect of such a large hori- 
zontal flue is that it materially retards the 
coking of the coal mass lying adjacent to it 
(as much as one or two hours in respect of 
the balance of the coal). This causes high 
heat consumption for the underfiring and a 
nonuniformly coked charge and reduction in 
plant throughput. 

One of the early attempts to improve 
the Koppers oven was made by the Wil- 
putte Coke Oven Corporation. 14 Individ- 
ual regenerators were furnished to each 
flue. Air was forced to each regenerator 
by means of a central blower and piping 
equipped with suitable orifices. On May 
22, 1919, the U. S. Circuit Court of Ap- 

14 Wilputte, L., U. S. Pats. 1,212,865, 1,212,- 
866 (1917). See also pp. 205-8 of Porter, H. 
C., ref. 2. 


peals adjudged this oven to be an infringe- 
ment of H. Koppers U. S. Patent No. 818,- 
033. This decree limited the number of 
such ovens that were built under these 
Wilputte patents. 

Since the top horizontal flue was essen- 
tially the same as that of Koppers, the 
Wilputte horizontal flue was no improve- 
ment. Designers throughout the world 
then sought various means of overcoming 
the horizontal-flue limitations. A number 
of engineering concerns seized on the idea 
of placing two short two-divided Koppers 
ovens end-to-end so as to reduce the cross- 
sectional area and the length of the hori- 
zontal flue. This practice was followed by 
Wilputte Coke Oven Company, as exempli- 
fied by their design at 'Gary, Ind.; by 
Semet-Solvay, as exemplified by their de- 
sign construction of the plant for the Great 
Lakes Steel Company at Detroit, Mich.; 
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by Dr. H. Koppers in numerous plants de- 
signed and built by him in Germany; and 
in one American plant built by Koppers 
Company of Pittsburgh. 

In 1921, the Koppers Company in Amer- 
ica tried this design in a small plant and 
H. Koppers in Germany for a time adopted 
a construction (the double-divided oven, 
sometimes called the four-divided oven) 
wherein instead of having only two regen- 


erators per oven, that is, a coke-side and 
pusher-side regenerator, and of burning 
from the coke side and pusher side, the 
oven was divided into four heating sections 
(as shown in Figs. 10 and 11) or actually 
into what was equivalent to two short Kop- 
pers ovens end-to-end. In this design, gas 
could burn, for example, simultaneously in 
sections A and D and waste gases flow 
downwardly into B and C, and thence to 




t* WASTE HEAT-Mb COMBUSTION- -jh WASTE HEAT-^j 



Decarbonizing Air Rich, Gas . ^-Decarbonizing Air 


Fig. 10. Koppers double-divided oven with rich-gas heating. 
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the stack canal. Another combination 
would be to burn in A and C simultane- 
ously as the waste gases pass to B and D. 
In either system, of course, reversals would 
take place. This design reduced to some 
extent the horizontal-flue cross-sectional 


flue there are added thereto other volumes 
of waste gas being discharged into the com- 
mon horizontal flue from still other heating 
flues, and in order to maintain the required 
rate of flow there must be an increasing 
pressure drop from the far end of the hori- 




O Denotes Gas and Air 
Leakage Points 


SECTION A-A 

Fig. 11. Koppers double-divided oven with blast-furnace-gas heating. 


area for ovens of modern size but it still 
retained the structural weakness and other 
drawbacks previously cited. 

Figure 12 indicates the area of the hori- 
zontal flue for a double-divided oven that 
is 13 feet high and uses blast-furnace gas 
as the heating medium. Designers found 
that further reduction of the horizontal- 
flue area increased the pressure drop from 
the vertical flues to and through the hori- 
zontal flue for the following reasons: 

As waste gas flows along the horizontal 


zontal flue, where there is a minimum flow, 
to its discharging end at which point there 
is a maximum volume of waste gas. In a 
Koppers oven this maximum volume would 
be the total discharged from fourteen flues 
or, in the double-divided oven, from seven 
flues. The more heating flues that a hori- 
zontal flue serves, for any given size, the 
greater must be the pressure drop through- 
out that flue, according to the Bernoulli 
theory for gas flow. 

In order then to control the volume dis- 
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charged by each vertical flue into the com- 
mon horizontal flue, it is necessary to cut 
down, progressively in the direction of flow, 
the port area of discharge into the hori- 
zontal flue. This is done by means of the 
familiar sliding brick, which are pushed 
over the openings so as to leave only 
enough space to discharge the requisite 
amount of waste gas into the horizontal 


with the old Koppers oven (assuming the 
oven to be of the same size as the old 
Koppers oven), but when the oven is en- 
larged to the present-day dimensions, and 
especially when heating with blast-furnace 
gas, such differentials become exceedingly 
high and unsatisfactory for good and safe 
operation. (See Figs. 13 and 14.) The 
diagrams represent actual readings of pres- 


old Koppers Oven With Oven Koppers Oven Double Divided 

Chamber 9'— 10" High, For 13-0" High, For Combination Oven For 

Coke-Oven Gas Firing Blast Furnace Gas Heating Blast Furnace Gas Firing 



Fig. 12. Areas of horizontal flues for various designs. 


flue. A pressure drop in the restricted area, 
which is set up by the sliding brick, is re- 
peated on the downflow side through the 
restricted openings there, and the sum of 
the two drops through the up- and down- 
flowing vertical flue ports and the horizon- 
tal flue represents the largest part of the 
pressure drop through the combustion sys- 
tem. 

In building the double-divided oven, 
there would be seven flues discharging into 
a common horizontal flue. Should the 
horizontal flue remain the same size as the 
old Koppers horizontal flue, then the dif- 
ferentials would be less but the structural 
weakness would remain. If the area of the 
horizontal flue is cut in half there is some 
improvement in structural strength but the 
pressure differentials remain the same as 


sure conditions within the old Koppers 
oven using producer gas and within the 
Koppers double-divided oven using blast- 
furnace gas for heating the ovens. From 
these readings the differentials can easily 
be computed. With coke-oven gas these 
differentials are, of course, smaller, but it 
must be remembered that the heating of 
the ovens with low-Btu fuel gases must be 
considered, and the diagrams demonstrate 
the high differentials set up by the two 
systems of heating mentioned. 

The large pressure drop created between 
the up- and the downflowing flues and the 
horizontal collecting flue is caused by two 
factors: first, as already mentioned, by the 
restricted area by the regulable sliding- 
brick opening; and second, by the whirling 
and baffling effect of the hot gases as they 
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Fig. 13. Pressure survey in a Koppers oven when burning producer gas with 19 tons of coal per 
day throughput. Pressures in millimeters of water. 


strike the sliding brick and the brickwork horizontal flue and to provide for all the 

supporting it as well as the opening it con- regulation at the bottom of the flues, i.e., 

trols. Actual measurements show that a at the air and gas ports. However, this 

substantial amount of the pressure drop is will not give satisfactory regulation. If the 

due to the baffling effect of this brickwork, flue bottom-port areas are proportioned ac- 

Therefore, the minimum pressure loss can cording to the taper of the oven, then the 

be secured only by having vertical flues upflow of air (or gas) or downflow of waste 
with tops practically entirely open. gas will depend on the pressure differen- 

In order to eliminate the effect of the tial between the top of the regenerator and 

restricted area of the sliding-brick openings, the horizontal flue. The pressure changes 

the designer might be tempted to eliminate progressively along the horizontal flue, and 

the sliding brick entirely and to open up as a result there will be unequal flows 

the ports leading from vertical flues to the through the different vertical flues. If the 



Fig. 14. Pressure survey in a Koppers double-divided oven when burning blast-furnace gas with 
21 tons of coal per day throughput. Pressures in millimeters of water. 











794 


INDUSTRIAL COAL CARBONIZATION 


air-port areas are changed to correct this 
condition, then this setting will be good 
for only one fixed coking time and only one 
kind of fuel gas. If either the coking time 
or the fuel gas is changed, the setting be- 
comes incorrect. Moreover, the high dif- 
ferentials remain because in order to regu- 
late the various flows restrictions must be 
made in port areas, and differentials of 
pressure result. It becomes evident, there- 
fore, that regulation at the heating-flue 
bottoms with minimum loss of pressure 
can be successfully achieved only with 
practically zero pressure drop along the 
horizontal flue, and this in turn really 
means elimination of diverse flow velocities 
at the tops of the flues. 

There are now operating in the United 
States a number of double-divided ovens as 
exemplified by Fig. 15. In this figure the 
flow and counterflow are indicated by the 
shading. This oven has been built in sev- 
eral installations by the Wilputte Coke 
Oven Corporation, and modifications of 
this principle have been incorporated by 
Semet-Solvay Coke Oven Corporation. 
Since January 1, 1940, these two organi- 
zations have combined and are now build- 
ing the ovens shown in the diagram. 

However, in order to improve the design 
of the coke oven as a whole and to elimi- 
nate the various faults cited in the above 
discussion, designers have turned toward 
the design of a combustion system having 
a low differential pressure drop. This type 
of oven is known in the trade as the “low- 
differential” oven. There are two out- 
standing designs of such ovens. The first 
is the familiar hairpin type, which has been 
built extensively throughout Europe and 
Asia; the second, the “Becker” oven, has 
been built throughout many parts of the 
world and is, of course, exceedingly well 
known in America. The number of by- 
product coke ovens by types in the United 


States in 1939 is shown in Table I. 15 The 
capacities shown were estimated by the 
writer. 

A good example of the hairpin flue type 
of oven is the Otto oven illustrated by 

TABLE I 

Number of Byproduct Coke Ovens in the 
United States by Types of Ovens, 15 as of 
July 1, 1939 


Type of Ovens 

Number of Ovens 

Koppers (including Becker) 

10,061 

Semet-Solvay 

1,832 

Wilputte 

771 

Cambria 

120 

Improved Equipment 

60 

American-Foundation 

55 

Curran-Knowles 

46 

Parker-Russell 

27 

Roberts-Morrisey 

25 

Piette 

8 

Total 

13,005 

Beehive ovens 

10,816 

Estimated full carbonizing 


capacity 



Tons per Day 

Byproduct plants 

170,000 

Beehive plants 

27,000 


Figs. 16a and 166, and the flow of the 
gases is self-evident upon examination of 
the diagram. The individual hairpin flues 
in combination with single regenerators for 
each wall were first invented by Dr. Hop- 
pers of Essen, Germany, 16 and were de- 
scribed by Otto 8 in his paper dealing with 
the history of coke ovens. It will be noted 
that the oven uses the high and low burner 
principle, as is shown in the Wilputte dia- 
gram, and the oven also has liners of uni- 
form thickness in contrast to previous 

is tJ. S. Bur. Mines, Directory of Byproduct 
Coke Plants in the United States, July 1 9 1939. 

is Koppers, H., Ger. Pats. 189,148, 189,329 
(1906). 
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American practice. No Otto ovens have 
been built in the United States, although 
many have been built in Europe and Asia. 
But those built in Europe and Asia differ 
radically in design from the oven offered 
to the American trade. For example, the 


The construction of this oven is interesting 
in many respects, inasmuch as it is an in- 
genious solution of narrow regenerators lo- 
cated side-by-side. 17 The oven indicates 
some low differentials of pressure, but its 
designers have not been able to provide 



oven is of the under jet principle, i.e., the 
gas is fed to the oven by means of ducts be- 
ginning vertically in the supporting mat; 
but these ducts are curved in the American 
design, whereas in European and Asiatic 
design they rise vertically and enter 
straight into the coke-oven flue (Fig. 16c). 

Figures 16 d and 16c show the two re- 
verse conditions of lean- and rich-gas heat- 
ing. It will be noted that in lean-gas heat- 
ing the upflow lean-gas regenerator lies 
next to a downflow waste-gas regenerator. 


for the insertion of a blanket of air or an 
air-filled regenerator between downflow 
waste gas and upflow lean gas. 

The Koppers-Becker oven is a combi- 
nation oven in which there are incorpo- 
rated all of these desirable features. A 
ready inspection of the flow diagram (Figs. 
17 and 18) will quickly demonstrate the 
simplicity of the combustion gas system. 
All the flues in any burning wall burn si- 

17 see also Rugg, D. M., U. S. Pat. 1,893,455 
(1921). 




Fig. 16 b. Otto-Wilputte oven with high and low burners for burning coke-oven gas. 
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Fig. 16c. Otto oven of American design for feeding rich fuel gas to flues. 
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Fig. IS. Flow diagram of Koppers-Becker oven when burning producer or blast-furnace gas. 


multaneously upward while all those in the both high and low Btu, are blanketed on 
adjoining companion or twin wall are filled each side by air flowing in the same direc- 
with waste gas flowing downward. The up- tion as the fuel gas. In the Koppers- 
flowing and downflowing flues are separated Becker oven an upflowing and downflowing 
by an oven full of coal; the fuel gases, wall are connected by crossover flues. The 
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whole combination of the upflowing and 
downflowing flues and of the regenerators 
and crossovers may be easily conceived of 
as a book, the outside covers representing 
flues and regenerators, the shelfback repre- 
senting the crossover sections, and the 
leaves representing the coal. The whole 
combination can be laid out flat, as by 
opening a book, and the flow shown on a 


with air and also because both lean gas and 
air are carried under identical pressure 
conditions. The method of control of com- 
bustion in the flues is simple. The air is 
regulated by a single port and plug in each 
flue. When heating with oven gas and the 
gun-conduit system of feeding fuel gas to 
the flues, the gas is controlled to each flue 
individually by means of refractory noz- 



Fig. 19. Pressure survey in a Koppers-Becker oven when burning blast-furnace gas with 24 tons 
of coal per day throughput. Pressures in millimeters of water. 


flat plane. Another interesting viewpoint 
of the Koppers-Becker oven is that it can 
be likened to a hairpin oven with the 
paired flues turned at right angles and hav- 
ing certain of such adjacent flue pairs 
grouped together with a layer of coal lo- 
cated between the individual flues of the 
pairs comprising a group. This arrange- 
ment of twin walls makes possible the ideal 
grouping of regenerators beneath them. 

The regenerators and sole flues are con- 
tinuous for uninterrupted inspection from 
end-to-end and are accessible throughout 
their entire extent. There can be no cross- 
leakage of fuel gas into the waste gas or 
the air in the Koppers-Becker oven because 
of the simplicity of the flow system and 
the care taken to blanket the fuel gases 


zles. When operating with blast-furnace or 
producer gas, the simple port and plug ar- 
rangement cited above is fully adequate. 
Hand regulation and guesswork are elimi- 
nated. Nothing needs regulating. The 
various port areas can be easily computed, 
and, in the event that a change in their 
cross section is required, it can be quickly 
accomplished by exchanging plugs. In 
those instances where the underjet under- 
firing system is used, the regulation of fuel 
gas is equally simple. 

Figure 19 shows a pressure survey of a 
Koppers-Becker oven burning blast-furnace 
gas. Since the flow of gases through this 
horizontal passage exerts no such influence 
on the discharge from the vertical flues as 
does the common horizontal flue in the 




803 


THE U.G.I. INTERMITTENT 

other designs, as before explained, this hori- 
zontal flue can be of small dimensions. 
(See Fig. 14 and compare with Fig. 12.) 
The old function of the horizontal flue to 
collect waste gases from one group of flues 
and to convey them horizontally over into 
therewith-connected vertical flues is elimi- 
nated, and the gas flow in the heating sys- 
tem at any coking time or condition or 
variety of heating gas is not hindered. In 
the Becker oven this horizontal flue is struc- 
turally and functionally absent, the waste 
gases merely passing more vertically than 
horizontally through such space, which is 
no larger than is necessary to equalize pres- 
sure over a group of four flues. 

THE TJNDERJET OVEN 

The latest design (1935) of the Becker 
oven includes the so-called unclerjet burner. 
In this design the rich heating gas is fed 
to each flue by means of a duct passing 
through the foundation and upward 
through the regenerator wall to the base 
of the flue where mixing of air and gas 
takes place. When lean gas is burned it is 
introduced through the lean-gas box at the 
base of the regenerators. Denig 13 has ex- 
plained the change to the under jet method 
of feeding rich gas as follows: 

In the gun-flue construction, the old clay 
nozzles were always a source of trouble 
largely as a result of their tendency to swell- 
ing and deformation under the influence of 
heat. This condition has been eliminated by 
the introduction of the silica nozzle but it is 
true, nevertheless, that if a radical change is 
made in coking time there should be some 
change in nozzle settings, and this is always 
a laborious procedure since such operation 
must be effected from the top of the battery. 
Feeding the gas to the flues by means of the 
underjet ducts eliminates the necessity of 
patching the gun-bricks, and in the event that 
a radical change in coking time is demanded, 
the regulation of the gas can be easily car- 
ried out from beneath the oven. 


VERTICAL CHAMBER OVEN 

The gas to each flue can be exactly con- 
trolled by suitable orifices or other meter- 
ing devices inserted in the gas line leading 
to each flue duct. The general design of 
such an oven is shown in Fig. 20. This 
drawing shows the under jet features in de- 
tail. It also shows a modern type of coal 
larry car, a gas main with liquid-sealed gas 
offtake valves for each oven, and a double 
collecting gas main for smokeless charging. 

Small-Scale Operations 

INTERMITTENT RETORTS 

The small intermittent retort has almost 
passed out of American practice. The ad- 
vent of natural gas and large central cok- 
ing plants has almost eliminated this type 
of coking unit. Intermittent retorts were 
built in four forms: (1) stop end; (2) 
through; (3) vertical intermittent; and 
(4) inclined. The first two forms are vari- 
ations of horizontal retorts. All four types 
have been well described by Meade. 18 

THE U.G.I. INTERMITTENT VERTICAL 
CHAMBER OVEN 

Carbonization of coal in intermittent 
vertical chamber ovens is a method that 
has proved well adapted to the require- 
ments of small and medium-sized gas 
works. In these ovens gravity does the 
work of charging and discharging, so that 
special machinery for the purpose is un- 
necessary. The coal is charged into the 
ovens from a movable larry running on 
rails on the top of the battery and is al- 
lowed to remain in the oven for the proper 
carbonizing period, about 12 hours, after 
which the coke is discharged into a car 
beneath the ovens and transported hot to 
the quenching station. 

This type of oven has a considerable ree- 
ls Meade, Alwyne, Modern Gas Worlcs Prac- 
tice , Benn, London, 2nd ed., 1921, 815 pp. 
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ord of experience behind it, being a devel- 
opment of the intermittent vertical retort 
introduced in this country in 1910. It was 
developed in Germany around 1918 when 
the first World War had created a short- 
age of manpower and labor saving was 
urgently required. Some four hundred or 
more installations have been made abroad 
by the Didier Company, and eight instal- 
lations (three in one plant) have been 
made in the United States by United En- 
gineers and Constructors, Inc. One of them 
is illustrated in Fig. 21. 

The ovens have been built here in two 
sizes, the larger holding 4 tons of coal per 
charge, and the smaller 1% tons. They are 
built of interlocking sectional silica tilework 
with self-sealing charging and discharging 
doors. In the larger size the lower doors 
are operated hydraulically, and the charg- 
ing larry and hot coke car are operated by 
electric power. 

The heating of the ovens is done by hot 
producer gas made from coke and breeze, 
and the waste heat is used to heat the sec- 
ondary air for combustion. The heating 
gases enter adjacent to the bottom of the 
ovens and leave at the top. One of the 
characteristics of this type of oven is that, 
on account of the taper of the ovens, a 
lower temperature suffices at the top to 
complete the coking in the proper period as 
compared to the heat required at the base. 
For this reason the waste gases enter the 
waste heat recuperators at a lower temper- 
ature than in other oven construction. This 
conduces to fuel economy, and, in fact, in 
heating requirements these ovens compare 
favorably with larger installations of other 
types. The ovens are built in settings of 
four to six ovens with division walls sep- 
arating each setting — a construction that 
permits intermediate settings to be rebuilt 
without taking the other settings out of 
service. 


The smaller ovens are heated from built- 
in hand-clinkered producers arranged one 
producer to each setting, or group of four 
to six ovens. The larger ovens are heated 
by producer gas . generated in central pro- 
ducers of the self-clinkering type, which 
burn breeze and small coke mixtures and 
thus increase the amount of salable coke. 

One of the most important characteris- 
tics of the intermittent vertical oven is its 
adaptability to “steaming.” In this proc- 
ess steam is admitted to the bottom of 
the oven, towards the end of the carboni- 
zation period. The steam displaces the 
residual coal gas and produces water gas 
in combination with the hot coke charge. 
The result is a material increase in the 
yield of gas, and by regulating the amount 
of steaming the calorific value of the gas 
can be closely controlled. It likewise tends 
to prevent the growth of graphitic carbon 
deposits on the w T all which otherwise would 
cause considerable lost time in operation. 
Coke produced with steaming shows no 
deleterious effect in comparison with coke 
produced without steaming. The slight 
film of ash which might form on the sur- 
face of the coke is shaken off in discharg- 
ing and handling and is .lost in the breeze 
or screenings. The production of water 
gas by steaming is relatively economical. 
Since radiation and other losses are not in- 
creased, the water-gas generation may be 
viewed as at marginal cost. Moreover, the 
detrimental side-wall carbon is in large 
part converted into useful gaseous heat. 

Vertical ovens are generally installed in 
gas plants where nut or slack high-volatile 
coal is carbonized and the coke is sold for 
domestic purposes. The coke is blocky, re- 
active, and well adapted to domestic use. 
In one plant, pulverizing the coal gave good 
results. Some typical operating results are 
shown in Table II. 




Courtesy of The TJ. G. I. Contracting Company, Division of 
United Engineers <& Constructors, Inc., Philadelphia, Pa. 

Pig. 21. The U. G. I. intermittent chamber oven. 
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TABLE II 

Operating Results, Intermittent Vertical 
Chamber Ovens * Using High-Volatile 
Gas Coal 



Plant A 

Plant B 

Plant C 

Volatile-matter content of 
coal, percent dry ash- 

free 

37.5 

35.0 

37.5 

Coal charge, pounds 

3,800 

8,494 

3,800 

Coking time, hours 

12 

12 

12 

Steaming time (included in 

coking time), hours 

3 

3 

3 

Steam, percent of coal 

2.6 

7.7 

4.0 

Gas yield, cubic feet per 

pound dry coal 

6.44 

7.67 

6.85 

Btu of gas per cubic foot 

560 

524 

543 

Btu of gas per pound dry 

coal 

Coke yield, dry, percent 

3,606 

68.0 

4,015 

3,721 

Producer fuel, dry, pounds 

per ton coal 

238 

329 t 

257 

Producer fuel, combustible, 

pounds per ton coal 

225 

272 

242 

Gas composition, percent 

Carbon dioxide 

2.1 

3.4 


Illuminants 

3.4 

2.0 


Oxygen 

0.4 

0.3 


Carbon monoxide 

13.5 

16.5 


Hydrogen 

51.9 

53.9 


Methane 

24.3 

22.7 


Nitrogen 

4.4 

1.2 


Total 

100.0 

100.0 


Specific gravity (air = 

1.0) 

0.447 

0.461 


. Hydrogen sulfide (grains 

per 100 cubic feet) 

95 

340 


Coke shatter test: 

Percent over 2 inches 
Percent through % inch 

44.6 

13.2 




* Actual plant data, submitted by United En- 
gineers and Constructors, Inc., Philadelphia, for 
three plants, over a period of thirty days or 
more ; Plants A and C, small ovens, Plant B, 
large ovens. 

f Half coke and half breeze. 

CONTINUOUS RETORTS 

The continuous retort represents a de- 
velopment to give a minimum-labor car- 
bonization unit for carbonizing 40 to 100 
tons of coal per day. One of the most re- 
cent units developed is that invented by 
van Ackeren. 19 Coal is fed continuously 

19 Van Ackeren, J., U. S. Pats. 1,704,685-7 
(1929). 


to the retort, and coke is removed con- 
tinuously at the bottom. 

Figure 22 gives an excellent view of the 
continuous vertical combination (heated 
either with oven gas or producer gas) 
ovens at Sterling, 111. Figures 23 and 24 
show the method of feeding coal and of ex- 
tracting the coke, as well as adjacent heat- 
ing walls. 

Few vertical continuous plants are now 
built in America and it is doubtful that 
this type of construction will revive until 
natural gas has been dissipated, requiring 
the construction of small carbonization 
plants. 

SOLE-HEATED OVENS 20 

This type of oven was first used in 
America for the production of a dense, 
low-volatile petroleum coke from petroleum 
residues. It was subsequently adapted to 
the carbonization of coal. As can be seen 
from Fig. 24, 15 all the heat comes from 
beneath the coal through the top of the 
sole flues in which the gas burns. 

The coking rate is quite high, as much as 
0.8 inch per hour being claimed. The 
rapid coking of certain types of coal, par- 
ticularly the high-oxygen coals, 21 has been 
noted as beneficial. Whether or not this 
is true, the Curran-Knowles oven lends it- 
self well to the carbonization of such Illi- 
nois coals as have been tried in these 
ovens. However, it must not be over- 
looked that previous oven builders, such as 
Roberts, 22 claimed that special types of 
ovens had to be used to carbonize Illinois 
coals. These statements were refuted in 
tests at St. Paul, Minn., using coke ovens 

20 Thiessert, G., Ind. Eng. Client., 29, 506-13 
(1937). Stevenson, W. W., Am. Gas J., 148 , No. 
2, 9-13 (1938). Given, I. A., Coal Age, 45 , No. 
5, 33-5 (1940). 

21 Ovitz, F. K., U. S. Bur. Mines, Bull. 138 
(1917), 71 pp. 

22 Roberts, A., U. S. Pat. 1,352,696 ( 1920 ). 




Fig. 22. Koppers-van Aekeren continuous vertical oven with side view of coke removal. 
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Fig. 23. Sectional view of Koppers-van Aekeren continuous vertical oven. 
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of ordinary type." 3 The principle of the 
sole-heated oven is shown in Fig. 25. 

ELECTRICALLY HEATED OVENS 

A very ingenious scheme of coal carboni- 
zation was devised by Stevens. 24 The 
process is intermittent and can be made 
continuous. (See Fig. 26.) A column of 


Though technically ingenious, the process 
must compete for gas-manufacturing pur- 
poses with the regular byproduct oven un- 
derfired with producer gas. The following 
simple calculation will demonstrate this. 

One ton of coal requires 400 kilowatt- 
hours for carbonization by the Stevens 
process. 



coke breeze is set up in a suitable container, 
surrounded with coal, and electricity is 
passed through the breeze, thus heating 
the breeze and carbonizing the surround- 
ing coal. When the adjacent coal has been 
carbonized it becomes a relatively good 
conductor, thus progressively heating ad- 
jacent coal, and the path of the electrical 
flow becomes larger. The rate of carboni- 
zation is fast, as high as 4 inches per hour 
being claimed. The power consumed runs 
from 350 to 400 kilowatt-hours per ton of 
coal. 

23 McBride, R. S., and Selvig, W. A., Natl. 
Bur. Standards (17. S.), Technol. Paper 137 
(1919), 51 pp. 

24 Stevens, H., Proc. Fuel Engrs. Conf ., Appa- 
lachian Coals , Inc., 3, 412-41 (1936) ; Trans. 
Electrochem. Soc ., 75, 167-83 (1939). Curtis, 
H. A., Stitzer, Ralph B., and Darby, W. J., Ind. 
Eng. Chem ., 32, 757-62 (1940). 


One ton of coal requires 250 pounds of 
coke to make producer gas. 

With coke worth $6.00 per ton, $1.00 
per ton capital charge for the producer, 
and $1.00 per ton (high) operating cost of 
producers, the cost of producer underfiring 
will be 


Power would have to be furnished to an 
electrically heated plant at a price of 
i°%o 0 = 44 cent per kilowatt-hour to com- 
pete with such practice. Where the power 
can be furnished at 44 cent per kilowatt- 
hour the electrical process is competitive; 
if under 44 cent, the electrical process could 
replace the older producer-fired methods. 
If the process must depend on cheap off- 
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mass caused by the slow heat transmission 
through coal mass; (3) the short life of the 
metal vessels in which coal is held and 
coked; and (4) the high cost of investment 
in static processes. Briefly summarized, 
these mechanical difficulties have slowed 
down the development of low-temperature 
carbonization. 

Low-temperature char may, perhaps, find 
a use as a “filler” for certain high-volatile 
coals that are carbonized at high tempera- 
tures. It is a well-known fact that the ad- 
dition of low-volatile to high-volatile coals 
greatly improves the resultant coke when 
the mixture is coked at high temperatures. 
However, it is uneconomical in certain lo- 
calities to ship low-volatile coal to the high- 
temperature coke plants. Unpublished ex- 
periments made since the first World War 
at the plants of several large high-tempera- 


ture coking units have demonstrated the 
value of adding low-temperature char con- 
taining 15 to 18 percent volatile matter to 
the high-volatile coal to be coked. The re- 
sults upon adding about 15 percent by 
weight of low-temperature char compare 
favorably with those obtained by the addi- 
tion of a slightly lower amount of low-vola- 
tile coal. In order that this practice may 
develop it will be necessary to devise a sat- 
isfactory method of making the desired 
char. 

The most satisfactory American method 
is the Wisner process as developed and 
modified by the Pittsburgh Coal Com- 
pany. 29 More than ten years of effort has 
been expended, and the present plant pro- 
duces 7,000 tons of low-temperature coke 
per month. The process is continuous; it 
is illustrated by Fig. 27, and the general di- 
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mensions of the units of the plant at Cham- tween the two shells at high speed and heat 

pion, Pa., are given in Table III. the revolving element. Byproduct gas is 

Coal is fed from storage bins into roast- withdrawn from the upper end of the cylin- 

ers, where the coal is heated to 600° F and der by an exhauster. As the oxidized coal 

oxidized by means of the hot gas previously is fed to the carbonizer cylinder, a definite 

circulated about the carbonizer. The coal proportion of breeze is added. The mix- 

passes into the rotating carbonizers, which ture is carried down the inclined retort and 
are inclined, rotating steel cylinders. Sur- carbonized into coke balls during its tra- 
rounding the rotary cylinder is a stationary verse thereof. The coke is discharged from 

shell insulated on the outside. Heating the lower end of the retort to the atrnos- 

gases pass through the annular space be- phere. It is claimed that 85 percent of the 


TABLE III 

Dimensions of Carbonizing Units and Operating Data of the Pittsburgh Coal Car- 
bonization Company 29 


Item 

Unit 1 

Unit 2 

Unit 3 

Diameter 

6 ft 

8 ft 

8 ft 

Length overall, cold 

91 ft Zyi in. 

106 ft 10 in. 

126 ft 10 in. 

Center-line tires (cold) 

54 ft 

84 ft 10 in. 

104 ft 6 in. 

Slope 

in. in 12 in. 

Ys in. in 12 in. 

£ in. in 12 in. 

Total rotating weight, pounds 

110,000 

106,900 

138,000 

Motor horsepower 

30 

30 

50 

Speed, rpm 

900 

720 

900 

Horsepower used 

19-21 

16 

21-23 

.Carbonizer, rpm 

5.25 

3.44 

2.89 

Maximum expansion, inches 

S'A 

5Vs 

6% 

Center-line hoods 

76 ft 

71 ft 3 in. 

90 ft 9 in. 

High-speed heat area, square feet 

1,432 

1,791 

2,306 

Feed raw coal per hour, pounds 

6,250 

9,580 

12,330 

Feed breeze per hour, pounds 

1,875 

2,875 

3,700 

Total feed per hour, pounds 

8,125 

12,455 

16,030 

High-speed heating area, pounds per hour per 

square foot 

5.67 

6.95 

6.95 

Heating gas, pounds per minute 

825 

1,059 

1,304 

Feed, pounds per pound heating gas 

0.164 

0.196 

0.205 

Heating gas at 700° F, cubic feet per minute 

25,000 

32,000 

39,500 

Combustion air blower, cubic feet per minute 

1,680 

2,300 

2,300 

British thermal units per hour 

4,356,000 

5,592,000 

6,904,000 

Tons coal per 24 hours 

75 

115 

148 

Size heating gas fan, inches 

42 by 12 

48 by 15 

54 by 18 

Fan motor, horsepower 

25 

25 

20-30 

Speed, rpm 

720 

600 

450* 

Horsepower used 

20 

21 

28 

Roaster-hearth area, square feet 

1,200 

1,955 

1,955 

Storage capacity, hours 

1-3 

1-3 

1-3 


* Rewound 30-Iiorsepower, 600-rpm motor. 
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gas made is used for heating. The yield of 
products per 2,000 pounds of coal charged 
is as follows: 

Product Weight Percent Per Ton Coal 


Coke 

72.00 

1,440 pounds 

Gas 

12.50 

3,720 cubic feet 

Tar 

7.50 

15.S gallons 

Light oil 

0.78 

2.5 gallons 

Liquor 

5.49 

6.6 gallons 

Loss 

5.60 



103.87 

Materials of Construction for 
Coke Ovens 

The coke-oven chamber walls, combus- 
tion. flues, and the regenerator walls which 
support them are of silica brick. Silica 
brick is made from crushed quartzite 
i bonded with 2 percent of lime. The 
quartzite is very pure, and the rock selected 
must contain 98 percent silica. In con- 
trast with clay brick, which have a glassy 
bond, silica brick are bonded by recrystal- 
lized modifications of quartz. Fireclay 
brick was used in oven construction in con- 
tinental Europe before the first byproduct 
coke ovens of silica construction were built 
at Joliet, 111., in 1909. American genius was 
responsible for the placement of silica brick 
in the Joliet batteries. Despite the fact 
that silica brick expands more than fireclay 
brick, the Joliet ovens showed that silica 
brick were practical. In addition, higher 
coking rates could be attained because flue 
temperatures could be higher and also be- 
cause silica brick conducts heat more rap- 
idly than fireclay brick at the same tem- 
perature. European oven constructors were 
hesitant to adopt what they considered to 
be a radical departure, and in England 
silica brick was not used extensively until 
about 1925. 

A good many silica-brick coke-oven bat- 
teries have been operated safely at flue 


temperatures of 2,600 to 2,700° F; when 
clay-brick ovens are thus operated, the oven 
walls sag and distort owing both to the for- 
mation of excessive amounts of glass and to 
the bearing pressures incident to oven con- 
struction. Silica brick on the other hand 
do not soften at such temperatures but 
melt abruptly at a temperature in excess 
of 3,000° F. 

The anomalous thermal-expansion char- 
acteristics of silica brick and its low price 
are important factors in making it well 
suited for coke-oven construction. Figure 
28 presents thermal-expansion curves for 
clay and silica brick and the crystalline 
modifications of silica: quartz, cristobalite, 
and tridymite. 

It can be seen from the figure that, al- 
though fireclay brick expands less than sil- 
ica brick at temperatures up to 1,000° F, 
at about 1,600° F the silica brick curve is 
practically parallel to the temperature axis 
while the fireclay brick continues to expand. 
Since oven wall masonry is usually in a 
temperature range above 1,600° F, little 
change in length occurs in normal service; 
this statement is true only if the silica brick 
have been previously well fired to insure a 
minimum amount of residual quartz in the 
fired product. 

The high-temperature load-bearing prop- 
erty of silica brick is a major contribution 
to its value in coke-oven service. As a re- 
sult of their crystalline bond, silica brick 
will support a load of 25 pounds per square 
inch at a temperature of 2,900° F, which is 
fairly close to their melting point (about 
3,000° F). Fireclay brick, however, when 
subjected to a short-time load test of 25 
pounds per square inch, show an apprecia- 
ble sag or subsidence at 2,450° F. Further- 
more, fireclay will fail completely under a 
load of 25 pounds per square inch at a 
temperature of 2,200 to 2,300° F in a 
long-time test. Figure 29 shows crushing 
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Fig. 29. Strength of silica hrick at elevated temperatures and thermal-conductivity values for 
silica and fireclay brick at various temperatures. ^ 
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strength-temperature relations for fireclay 
and silica brick. A vertical cross section 
through an oven with bearing loads and 
temperature ranges encountered at various 
points has been prepared in Fig. 30. The 
data presented in these figures show why 
silica brick is particularly valuable for 
ovens to be operated at high coking rates. 


Pressure Oven 

Tier ' lb. per Sq. tr. Side 



Fig. 30. Stresses and temperatures at vari- 
ous levels in a modern byproduct coke oven. 

A comparison of byproduct coke ovens 
with other high-temperature furnaces in use 
in metallurgical plants indicates that coke 
ovens are the largest units in size and mass 
of masonry, and yet their heating up and 
operation have been so highly perfected 
that they have the best service record in 
terms of life and tonnage throughput. 
Twenty years of useful life have been re- 
corded for many coke-oven batteries, and 
in that time a battery of fifty ovens may 
have carbonized from 5 to 9 million tons 
of coal. 

Heat of Carbonization 

The amount of heat required to carbonize 
coal is important in many respects. This 


heat represents fuel that might be usefully 
utilized for other purposes, and, of course, 
this fuel has a high economic value. In 
Fig. 31 the cost of underfiring a ton of 
coal using 550-Btu coke-oven gas is shown. 
When using gas valued at 25 cents per 
1,000 cubic feet with an underfiring re- 
quirement of 1,100 Btu per pound, the 
heating cost amounts to $1.00 per ton of 
coal; with 10-cent gas the cost is 40 cents 
per ton of coal. The economic value of the 
fuel consumed demands that the subject of 
underfiring be seriously considered; in fact, 
it is one of the principal considerations of 
design. All the larger modern coking units 
are designed with regenerative systems of 



Fig. 31. Relation between underfiring re- 
quirement and underfiring cost per ton of coal 
using oven gas of 550 Btu per cubic foot. 


heating. The flues, mixing ports, and 
waste-gas systems are designed to secure 
uniformly graded heating from end to end 
and from top to bottom of the coke oven. 
Many schemes of gas and air mixing have 
been tried, and this particular phase of the 
art is in a constant state of flux. Every at- 
tempt is made by designers and operators 
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to reduce the underfiring requirements. 
Figure 32 shows the large amount of money 
that can be saved yearly, assuming various 
Btu savings per pound of coal, For exam- 
ple, a saving of 100 Btu per pound of coal 
in gas (550 Btu) valued at 15 cents per 



Reduction in Underfiring Btu per lb of Coal 

Fig. 32. Savings possible from various re- 
ductions in underfire rate. 

1,000 cubic feet will amount to $20,000 per 
year for a plant carbonizing 1,000 tons of 
coal per day. Of course, before economic 
savings can be made, technical excellence in 
distribution of the heat must be assured. 

The principal losses of heat from a coke 
oven are: 

1. Radiation and convection from the 
outside surface. This is a function: (1) of 
the material of construction of the outside 
surface, such as cast iron, clay brick, glazed 


brick; (2) of the temperature of the ex- 
posed brickwork, which in turn depends on 
the temperature of the adjoining brickr 
work; (3) of the wind velocity; and (4) 
of the weather; etc. 

2. Temperature of coke as pushed. For 
example, see Fig. 33, which shows the sen- 
sible heat content per pound of coke as 
pushed at various temperatures for an av- 
erage American coke. Assuming the coke 
to be pushed at 1,800 and 1,900° F, there 
will be a difference in sensible heat of about 



Fig. 33. Heat content per pound of average 
American coke. 


45 Btu per pound of coke. If the burning 
system operates at an efficiency of 60 per- 
cent, which is a fair practical average, then 
the total heat required would amount to 
45/0.60 = 75 Btu additional heat required 
per pound of coke, exclusive of higher 
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losses due to higher temperature of the 
gaseous products of distillation. If the 
coke yield per pound of coal amounts to 
70 percent, then the total additional heat 
required per pound of coal will be 75 X 0.7, 
or 52.5 Btu per pound of coal. This one 
fact has been overlooked by coke-plant op- 
erators more than any other factor with re- 



Fig. 34. Heat content of waste gas. 

spect to underfiring economy. Some plants 
follow the practice of annealing the coke at 
the end of the coking period in order to 
harden the coke and improve its physical 
properties. It is obvious that such prac- 
tice is heat consuming and raises the under- 
firing. 

3. Various handbooks cite ample data as 
to stack losses. These losses entail the sen- 
sible heat carried out by the stack, and they 
are a function of regenerator efficiency, 
amount of excess air used, and temperature 
and water saturation of the fuel gas and 
air. Figure 34 shows the losses when burn- 
ing various gases. 

4. Heat carried out by products distilled 
from the coking chambers is illustrated in 


Fig. 35. Little can be done to reduce this 
item in practice. It is, of course, a function 
of the temperature of coking, which in turn 
is controlled by the desired end tempera- 
ture of the coke and the rate of coking. 
One important controllable factor in stand- 
pipe or foul gas loss is the loss due to evap- 
oration of free moisture on the coal as il- 
lustrated in Fig. 36. The heat involved is 
the sum total of the latent heat of the 
moisture plus the sensible heat to raise the 
steam to standpipe temperature and is a 
considerable factor. It has been argued 
that not all this heat is abstracted from the 
heating system, but rather that the hot 
gases formed on carbonization evaporate 
and heat up the free water, the net effect 
being merely to reduce the temperature of 
the standpipe gases. However, most prac- 
tical operators agree that added moisture to 
coal raises underfiring requirements. The 
various arguments on this point are cov- 
ered in Chapter 23. 

All the above heat requirements are sum- 
marized in heat balances. Unfortunately, 
few good coke-oven heat balances have been 
published, particularly for American prac- 
tice. The Germans have carried out some 
very thorough work through various coop- 
erative testing organizations. Baum 30 and 
others have discussed heat balances and 
many phases of coke-plant fuel economy. 
Other German writers, among them Senf- 
ter, Rummel, Litterscheidt, and Terres, and 
American workers like Munster and Davis 
have also studied the problem carefully, 31 

30 Chapman, W. R., Fuel , 5, 355-61 (1926). 

Burke, S. P., and Parry, V. F., Ind . Eng. Chem., 
19, 15-20 (1927). Burke, S. P., Parry, V. F., 
and Schumann, T. E. W., Proc. Am. Gas Assoc., 
1930, 820-55; Fuel, 10, 148-71 (1931). Baum, 
K., Arch. Eisenhiittenw 2, 779-94 (1929) ; 

G-liickauf , 66, 185-91 (1930) ; Proc. 3rd Intern. 
Gonf. Bituminous Coal , 1, 507-39 (1931). Baum, 
K., and Litterscheidt, W., Brennstoff-Chem ., 13, 
386-91 (1932). 

31 Hollings, H., and Cobb, J. W., J. Chem. 

Boo., 107, 1106-15 (1915). Meager, R., and 
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Fig. 35. Heat carried out of ovens by products of distillation as a function of the standpipe 
temperature. 


Coke-oven people have not followed up as 
vigorously as possible heat balances and the 
lessons they teach. The electric-power in- 
dustry has been much more alive to such 
studies with respect to boiler operation, and 

Muller, M., J. Gasbeleucht 63, 669-73 

(1920). Grau, IT,, Brennstoff-Chem., 2, 97-9 
(1921). Strache, H., and Grau, H., ibid 2, 
97-9 (1921). Sieben, K., ibid., 3, 209-11 
(1922). Strache, H., and Frohn, E., ibid., 3, 
337-40 (1922). Munster, J. K., Blast Furnace 
Steel Plant , 11, -389-92 (1923). Davis, J. D., 
and Place, P. B., Ind. Eng. Chem 16, 589-92, 
726-30 (1924). Davis, J. D., Place, P. B., and 
Edeburn, P., Fuel, 4, 286-99 (1925). Winter, 
H., Brennstoff-Chem 7, 117-23 (1926). Terres, 
E., and Wolter, IT., Gas- u. Wasserfach , 70, 
30-4, 53-8, 81-5 (1927). Terres, E., Proc. 2nd 
Intern. Conf. Bituminous Coal , 2, 657-84 


the study of such heat balances has been of 
material assistance in improving fuel con- 
sumption per kilowatt-hour of power gen- 
erated. Coke-oven heat balances should be 
made by all operating plants whether new 

(1928). Terres, E., and M!eir, M., Gas- u. Was- 
serfach, 71, 457-61, 490-5, 519-23 (1928). 

Terres, E., ibid., 72, 361-9 (1929). Terres, E., 
and Voituret, K., ibid., 74, 97-101, 122-8, 148- 
54, 178-83 (1931). Terres, E., Tjia, H. A., 
Herrmann, W., Johswich, F., Patseheke, G., 
Pfeiffer J., and Schwarzmann, H., Angew. Chem., 
48, 17-21 (1935). F6odoroff, V., Chimie & In- 
dustrie, 22, 231-48 (1929). Dubois, J., Gaz i 
Woda, 11, 313-7 (1931). Niemann, P., Brenn- 
stoff-Chem., 12, 386-9 (1931). Litterscheidt, 
W., Gluckauf, 70, 77-84, 106-12 (1934), 71, 
173-81 (1935). Norkin, N. N., Coke and Chem. 
(U.S.S.R.), 7, No. 10, 16-24 (1937). Senfter, 
E., Arch. Eisenhiittenw., 13, 1-14 (1939). 
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or old so as to indicate to operators pos- 
sible savings in fuel. 

Before delving into actual heat balances 
it is well to point out that it is German 
practice to report underfiring practice in 
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Fig. 36. Effect of free moisture content of 
tlie coal on the amount of heat carried out of 
the ovens as a function of the standpipe tem- 
perature. 

terms of net heating value of gas, whereas 
it is American practice to report values in 
gross heating value. This often makes com- 
parisons between German and American 
practice difficult. For example, in Table IV 
a typical American heating gas has a gross 
heating value of 572 Btu and a net heating 
value of 512 Btu. If 2 cubic feet of this 
gas is required per pound of coal the differ- 
ence in reported values between gross and 
net heating values will be 2 (572 - 512) = 


120 Btu. If the reader will bear this figure 
in mind when comparing reported German 
figures with American figures, much con- 
fusion will be eliminated. 

A typical German study leading to the 
determination of the exothermic heat of 
coking is that of Senfter. 31 The figures 
have been converted to Btu for convenience 
(Table V). A wide variation of heat input 
may be noted, and a wide variation is 
shown in the exothermic heat. It is to be 
borne in mind that each test represents a 
different coal, although ail are Saar Valley 
coals. The average exothermic heat in 
these six tests was 202 Btu per pound of 
coal. A similar American table is set up 
for two different American plants: the first 
for a modern (1939) Becker battery heated 
by blast-furnace gas, the second, for a Kop- 
pers battery (test in 1922) heated with 
coke-oven gas (Table VI). In the first 
plant there was an exothermic heat of 195 
Btu and in the second one of 206.4 Btu, or 
a mean value of 201 Btu, which is in sur- 
prisingly good agreement with the German 
values as shown in the above test. A com- 
plete heat balance of the same two Ameri- 
can plants exhibits a remarkable agreement 
per pound of coal (Table VII). 

The efficiency 32 of the two American 


32 Efficiency is defined as 

Sensible heat in products of distillation 
Heat input 

This definition neglects exothermic heat and, in 
fact, takes advantage of exothermic heat to 
show a high efficiency. For example, on this 
basis the efficiency of the blast-furnace heated 
unit is 78.1 percent, whereas on a basis of 


Efficiency - - Inpilt ~ Stack losses -- Radiation, etc. 

Input 


1,040 - 226.7-195.4 
1,040 


■ = 59.5 percent 


or efficiency based on input -j- exothermic heat 
less stack and radiation losses versus sum total 
heat input by fuel gas + exothermic heat: 


1,234.9 - 226.7 - 195.4 
1 , 23 ^ 
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TABLE IV 

Combustion Data on Dry Coke-Oven Gas 




Gross Heating 

Net Heating 

Actual Gross 

Actual Net 

Compo- 

Cubic Feet per 

Value, Btu per 

Value, Btu per 

Heat Liberated, 

Heat Liberated, 

nent 

Cubic Foot of 

Cubic Foot, 

Cubic Foot, 

Btu per Cubic 

Btu per Cubic 

Gases 

Fuel Gas 

Saturated 

Saturated 

Foot of Fuel Gas 

Foot of Fuel Gas 

C0 2 

0.0220 

0 

0 

0 

0 

o 2 

.0080 

0 

0 

0 

0 

n 2 

.0810 

0 

0 

0 

0 

CO 

.0630 

321.7 

321.7 

20.27 

20.27 

h 2 

.4650 

325.0 

274.6 

151.13 

127.69 

ch 4 

.3210 

1015 

914 

325.82 

293.39 

c 2 h 4 

.0350 

1615 

1514 

56.53 

52.99 

c 6 h 6 

.0050 

3758 

3607 

18.79 

18.04 

Totals 

1 .0000 



572.54 

512.38 


The theoretical volume of air required for perfect combustion will be 4.9571 cubic feet of dry air 
per cubic foot of dry gas. 


TABLE V 

Determination of Exothermic Heat of Coking by Senfter 31 


Battery 


B 

C 

D 

F 

G 

K 

Temperature of coke as pushed, °F 


1,832 * * * § 

1,796 

1,967 

1,648 

1,985 | 

1,942 

Temperature of gases as distilled, °F 


1,220 

1,148 t 

1,458 

1,023 

1,571 t 

1,404 

Sensible heat of coke 


470 l 

457 

535 

414 

534 

522 

Sensible heat of tar, benzol, and nitrogen 
Sensible heat of gases 

Water and unaccounted 

Btu per pound 
of pure coal 

32 

180 

20 

31 

167 

18 

34 

213 

31 

34 

140 

14 

40 

250 

45 

34 

202 

43 

Total sensible heat 


702 

673 

813 

602 

869 

SOI 

Ash content of dry coke, percent 


7.9 

7.9 

7.5 

4.3 

7.6 

7. 

Sensible heat of ash 


36 

36 

38 

20 

40 

38 

Sensible heat due to pure coal substance | 

Btu per pound 

647 

619 

752 

578 

803 

750 

Total sensible heat 

of coal 

683 

655 

790 

593 

843 

788 

Heat of underfiring § J 


473 

477 

624 

498 

567 

503 

Exothermic heat of dry coal 1 _ , , . , 

n . , . . . 1 Btu per pound of coal 

Exothermic heat of pure coal 1 

210 

228 

178 

196 II 

166 

180 

95 

1031f 

276 

297 

285 

294 


* Estimated, 

f Overcoked. 

t Included battery C, because of almost identical coals. 

§ This figure must be total underfiring less sum of stack losses, radiation, etc. 
1 1 On account of Goldsmith flue and of positive heat of cracking. 

If Especially low owing to use of Baesweiler coals. 
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TABLE VI 

Heat Balance of Combustion for Oven Heating per Pound of Coal 

Dr. W. C. Rueckel, Tests 
for Koppers Company- 
Blast Furnace Gas Un- 
der firing J. K. Munster 31 


Sensible heat introduced, Btu 
By coal 
By air 
By fuel gas 

By combustion fuel gas 
Total 

Sensible heat in products, Btu 


In coke 

(1,945 

In gas yield "j 


In water vapor \ 

(1 ,220 ( 

In tar and light oil J 


In stack gas 

(515 ‘ 

In radiation and convection 



Total 

Exothermic heat of carbonization, Btu 
units is: 

Blast-furnace-gas heat- g^2 8 
ing 78.1 percent 

Coke-oven-gas heating 0 .__ = 65.8 percent 
1,847.6 

Baum in his article in the Proceedings of 
the Third International Conference on Bi- 
tuminous Coal BO showed a table claiming. 
68.3 to 78 percent technical furnace effi- 
ciency. Thus, it can be seen on this basis 
that American ovens are equal in efficiency 
to German ovens. 

It is a moot question whether there is 
any exothermic heat. Terres and Davis 31 
both showed that if there is any at all it is 
quite small, of the order of 40 Btu per 
pound of coal. Terres, by means of an in- 
teresting curve (Fig. 37, which is converted 
to a Btu basis for the American reader) in 


1 

1.6 

1 

1.4 

1,038 

1,344.6 

1,040 

1,347.6 


F) 

484.6 

(2,000° F) 

552 


158.6 


195 

F) 

128.9 

(1,200° F) 

130.5 


40.7 


8.5 

F) 

226.7 

(650° F) 

490 


195.4 


178 


1,234.9 


1,554.0 


195 206.4 

both his German and American papers, 
showed the variation of the endothermic 
and exothermic heat with the heat of car- 
bonization for a number of German coals. 
Both Terres and Davis carried on very 
careful laboratory work and obtained much 
lower exothermic heats than is indicated by 
the above heat balances based on large- 
scale operations. It is admittedly difficult 
to collect sufficiently accurate data on large 
tests, but nevertheless results of various 
large-scale tests show values in the neigh- 
borhood of 200 Btu per pound exothermic 
heat. The error in these tests is of the 
order of 4 or 5 percent. The difference be- 
tween Terres' and Davis' 40 to 50 Btu and 
practical tests of 200 Btu is too large to be 
attributed to faulty methods of measure- 
ment. There is one possible explanation 
for the appearance of a large exothermic 
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TABLE VII 

Heat Balance of Carbonization Process, 
Including Combustion for Oven Heating 
per Pound of Coal 

Dr. W. C. Rueckel, 

Tests for 

Koppers Company 



Blast Furnace 

J. K. 

Gas Underfiring 

Munster 31 

Sensible and latent heat in 

Latent heat coal 

13,880 

13 , 600 

Sensible heat coal 

1 

1 

Latent heat fuel gas 

1,038 

1,340 

Sensible heat fuel gas 

1 

1 

Sensible heat air in 

0 

0 

Total 

14,920 

14,942 

Sensible and latent heat out 

Latent heat coke 

9,380 

9,620 

Sensible heat coke 

485 

552 

Latent heat gas yield 

3,305 

3.030 

Sensible heat gas yield 

159 

194 

Sensible heat water in gas 

129 

130 

Latent heat in tar 

777 

600 

Sensible heat in tar 

33 

9 

Sensible heat in light oils 

8 


Latent heat in light oils 

242 

132 

Latent heat in ammonia 

20 


Sensible heat — lost stack 

227 

490 

Sensible heat radiation 

and convection 

195 

179 

Total 

14,960 

14,936 

Coke yield 

Dry 71.6 

74.5 

Coal mix 

80-20 

25.77 percent 
of volatile 
matter 

Percent water coal 

charged 

6.5 



figure, namely, leakage of gas into the heat- 
ing flues or, vice versa, leakage of high- 
oxygen flue gases into the oven chambers 
causing combustion. In the American unit 
heated with blast-furnace gas, this item was 
carefully watched, and it is believed that 
heating flue and oven chamber pressures 
were so closely regulated that little if any 
such leakage took place. There might pos- 
sibly be a discrepancy in the weights of the 
coal. One percent error in weight of the 


coal could account for the difference be- 
tween Davis’ and Terres’ studies and those 
cited above. However, the close check be- 
tween the German and American results 
would seem to preclude this item. 



-280 -200 -100 0 +100 


Decomposition Heat Btu per lb Coal 

Fig. 37. Relationship between exothermic or 
endothermic heat of coking (decomposition heat) 
and heat required for coking (heat required for 
underfiring minus stack radiation and convec- 
tion losses). After Terres. 81 

Probably the most plausible explanation 
that can be given for the large difference 
between laboratory results based on work 
of men such as Terres and Davis and ac- 
tual plant test results lies in the exothermic 
heat of cracking. Unfortunately the lab- 
oratory workers have not studied this phase 
of the work. The gas obtained from lab- 
oratory work should be analyzed and com- 
pared with actual coke-oven gas obtained 
in practice. Should coal when heated break 
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up into C 2 H 2 , C 2 H 4 , H 2j etc., the following 
reactions are exothermic: 

3C 2 H 2 C 6 H 6 exothermic 274,680 Btu 
per pound mole of 
C 6 H 6 

3C 2 H 4 C 6 H 12 -> C 6 H 6 + 3H 2 

exothermic 13,806 Btu per pound mole 
of C 6 H 6 

Dehydrogenating reactions are exothermic. 
The large amount of hydrogen present in 
coke-oven gas indicates strongly that the 
reactions that have taken place are exo- 
thermic owing to dehydrogenation. 

In any event, the German plant test en- 
ineers such as Baum seem to prefer to de- 
fine efficiency as the ratio of sensible heat 
in the product of distillation to the actual 
heat input. If the exothermic heat is low 
and within the range of experimental error 
in determining the heat input, then such a 
definition is correct; otherwise it is wrong. 

In one sense such figures show excellent 
efficiency, but they do not bring out in a 
pointed way possible savings in underfiring. 
This can be done only by considering the 
four points developed in the earlier part of 
this discussion. These factors in turn must 
be considered in the light of the product 
desired. It might be much more desirable 
to push hotter coke at the expense of un- 
derfiring and thus secure a better grade of 
coke. This factor is a problem for the in- 
dividual operator. The designer can con- 
trol the waste-heat temperature by proper 
design of regenerator checkers. 

In order to get perfect heat transfer, the 
weight of up- and downflow gases multi- 
plied by their respective heats and tempera- 
ture changes must be equal. This is ap- 
proximately so for lean gases such as coke 
producer gas and blast-furnace gas; it is 
not so for designs of ovens underfired with 
coke-oven or other "rich” gases. In such 


cases, the weight of the upflowing air L 
much less than that of the downflowing 
waste gases, which is the sum of the inflow 
air and inflow fuel gas. Consequently the 
regenerators are usually designed for pre- 
heating air and lean gas, and the difference 
in regenerator efficiency is accepted when 
burning coke-oven gas. 

There must be sufficient regenerator 
checkers to reduce the temperature of the 
stack gases to that minimum necessary to 
carry the waste gases and unfiltered air out 
of the stack. Excessive checkering costs 
money, and to attain an unusually low 
waste-gas temperature may cost so much 
as to offset any saving in heating gas. 
Probably the best field open to develop- 
ment lies in radiation and convection losses. 
Too little consideration has been given to 
the insulation of the outside of the bat- 
teries. Much consideration has been given 
to appearance. Nearly all batteries of late 
design are sheathed almost in their entirety 
with cast and sheet iron with little or no 
real insulation behind the metal. Some 
batteries are finished wherever possible with 
artistic brick with no regard to radiation 
and convection losses. A thorough study 
of losses as applied to these matters would 
yield large dividends. 

The following tabulation shows the pres- 
ent trend : 


Blast-Furnace 




Gas: 

Oven Gas: 



Modern 

Old 

Oven Gas: 


Design 

Koppers 

German 33 


percent 

percent 

percent 

Stack loss 

Radiation and con- 

21.7 

36.5 

19.67 

vection 

18.7 

13.0 

11.4 

Total loss of fuel 




gas input 

40.4 

49.5 

31.07 


The above figures for stack gases are cor- 
rect as nearly as can be determined. The 

33 Briickner, H., Handbiich der Gasindustrie, 
R. Oldenbourg, Munich, 1937, 175 pp. 
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high figure in the second column is due to 
the large amount of excess air in the waste 
gas (oxygen content 7.2) . The figures for 
Loss by radiant heat and convection are in- 
teresting. The modern oven was equipped 
with steel regenerator fronts, cast-iron jamb 
brick, and cast-iron door frames. In the 
other two ovens cited, all these items were 
made of firebrick. The emissivity of rough 
cast iron is almost the same as that of 
brick. A comparison of radiation and con- 
vection losses from a German plant and a 
modern blast-furnace-heated job is given in 
Table VIII. The skin temperatures of the 

TABLE VIII 

Comparison of Radiation and Convection 
Losses 

German Oven Modern 
Coke-Oven- Blast-Furnace- 
Gas Fired Fired Oven 



Temper- 


Temper- 




ature 


ature 




°F 

Btu 

op 

Btu 

1 . 

Door and frame 

332 

30 

300 

68 

2. 

Charging lid and frame 

632 

18 

720 

22 

3. 

Clay top 

160 

12.7 

190 

22 

4. 

Flue covers 

200 

10.6 

210 

12 

5. 

Top buckstays 

174 

4.5 

200 

22 

6. 

Small steel 

15G 

0.6 

250 

4.3 

7. 

Regenerator fireclay in- 






sulation 

178 

4 

} 180 

19 

8. 

Lower buckstays 

115 

0.5 


9. Regenerator soles 

152 

11.5 




Total Btu per pound 




169.3 


of coal 


92.4 



two examples are not unreasonably far 
apart. The great difference lies in all prob- 
ability in methods of figuring convection 
losses, the Germans usually assuming still 
air conditions, whereas American engineers 
commonly measure actual wind velocities 
and figure accordingly. The large variation 
in tfee amount of heat carried away by con- 
vection is shown by Heilman 34 in some of 
his papers (see Fig. 38). 

34 Heilman, R. H., Trans. Am. Soc . Meoh. 
HJngrs ., SI, 287-302 (1929) ; Trans . Am. Inst. 
Ghem. Engrs 31» No. 1, 165-91 (1935). 


Another factor not to be overlooked is 
that all modern batteries are equipped with 
self-sealing doors, which seat on cast-iron 
frames that cover the entire brickwork be- 
tween adjoining ovens. The frames con- 



Temperature Difference, Surface to Air, 

Degrees F 

Fig. 38. Boat convected from outer surfaces 
of coke ovens. 34 

duct, heat from the oven and oven brick- 
work to the outside. Little can be done 
about this loss; it is the price to be paid 
for an important labor-saving item. 

The present design of self-sealing door 
frames completely covers the jamb brick in 
cast iron, largely for the purpose of secur- 
ing structural strength of the castings and 
tying them together. The simplest form of 
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construction behind the end flue is to carry 
the silica brickwork to the outside face. 
This results in a construction as shown in 
Tig. 39 with 10 inches of silica between the 
inside of the flue and the outside face. 
Compare this with the older construction 
where there is a 4%-inch layer of silica and 
inches of clay. Clay is a much poorer 




1 Si,l ' ca Clay 

Fig. 39. End flue construction. 


additional money to save heat, this money 
must be returned in savings. 

Method of Heat Transfer 

That almost all the heat is transmitted 
from flame to flue wall by radiation was 
nicely shown by van Ackeren 35 (see Fig. 
40). His work showed 96.4 percent ab- 
sorbed from the upstream or burning gases 
in burning coke-oven gas. W. 0. Keeling 
of the Koppers Company has prepared 
Fig. 41, which shows the amount of heat 
radiated in burning gases of various calo- 
rific values in a standard coke-oven flue. 

The main question is distribution of this 
heat. Lengthwise adjustment has been ac- 
complished very well. The vertical distri- 
bution of heat has been difficult, especially 
with the advent of the higher ovens. When 


TOTAL HEAT TO VERTICAL FLUES 
Total Heat Entering Vertical Flues 


100 % 


-» uncling 

— Regenerator 



TOTAL HEAT ABSORBED BY OVENS 


conductor of heat, and there is no conduct- 
ing cast iron. It is difficult to use clay 
brick between the silica and cast-iron frame 
on account of the difference in expansion 
between silica and clay and the difficulty in 
patching and filling the open joints in the 
clay. The heat loss at the jambs has been 
decreased in late designs by having a 
greater depth of silica and redesigning the 
cast-iron frame. 

The above study indicates in what direc- 
tion improvements in underfiring can take 
place. Any improvement in heat economy 
must be justified on economic grounds; that 
is, the guiding rule in making improvements 
in heat economy must be that, if it costs 


FrG. 40. Heat utilization within coke-oven 
flues. 85 

the height of ovens was first raised it was 
found difficult to heat the tops without 
over-coking the bottoms and securing “hot 
bottoms.” The first correction in the # ver- 
tical flued ovens was to raise the location of 

35 Van Ackeren, J., Heat Distribution in Im- 
proved Type Koppers Company's Combination 
Coke and Gas Oven, Koppers Co., Pittsburgh, 
1922, p. 13. 
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Fig. 41. Effect of net heating value of underfiring gas on relative rates of radiation to coke-oven 
walls from flames of various fuel gases burned with theoretical volumes of air. Black-body condi 
tions are assumed. Note the break in the curve at approximately 95 Btu. 


the horizontal flue and sometimes to de- 
crease the thickness of the oven-wall liners 
in the upper portion of the oven. Both ex- 
pedients helped to some extent, but some- 
thing better was required. In this connec- 
tion let it be noted that some American 
and many European builders build oven 
walls of uniform thickness from top to bot- 


tom. Few American and European build- 
ers still use graduated thickness of liners 
No oven should be built without at least 
the two bottom rows of liners 1 inch thickei 
than the next-sized liners above. Lowei 
liners are slowly gouged out by the action 
of the pusher shoe grinding coke against 
the wall. Sometimes pieces of metal, bolts, 
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stc., can become wedged between the ma- 
sonry and the shoe, causing gouging. Long 
experience shows that the lower brickwork 
must have additional protection. 

With the advent of producer-gas and 
subsequently blast-furnace-gas heating, im- 
proved vertical heating was observed. The 
difference was so marked and the heating 
so nearly perfect 36 that considerable 
thought was devoted to the cause of this 
better heating. The outstanding fact in 
burning producer or blast-furnace gas is 
the relatively high proportion of carbon 
monoxide with respect to hydrogen and the 
nonluminosity of the flame. The rate of 
flame propagation burning carbon monox- 
ide is much slower than when hydrogen is 
burned. This fact, coupled with the greater 
amount of inerts (nitrogen and carbon di- 
oxide) in the burning gases, caused a longer 
flame. Koppers 37 in 1916 proposed to 
pump stack gases into the inflowing air at 
the base of the regenerator. Though this 
scheme gave greatly improved results in 
burning oven gas it was costly to install 
and operate, and consequently the idea re- 
mained only a technical curiosity until 
1929, when Kelting 38 patented a method 
of passing waste gas from the bottom of a 
downflow flue into the bottom of an upflow 
flue by leaving an opening of proper di- 
mension between the two flues, at the bot- 
toms of the pair of flues. Patents of Tot- 

36 The question may be raised : what is perfect 
heating? It is a difficult one to answer, and 
every operator has his own views. However, in 
general, perfect heating means that the tem- 
perature of the resultant coke should be con- 
stant within 50° F in a vertical line from top 
to bottom, excluding the top foot and bottom 
foot and excluding the area covered by horizon- 
tal flue. “Perfect heating” will not take care of 
temperature inequalities caused by packing of 
coal due to method of charging, segregation due 
to size of coal, etc. 

37 Koppers, H., U. S. Pats. 1,176,066-7 (1916). 

38 Kelting, M., U. S. Pat. 1,726,494 (1929). 


zek 39 showed how this principle could be 
applied to cross regenerative ovens, and 
many of these “Kreisstrom” ovens have 
been built and successfully operated in 
Europe. 

The various builders have tried to im- 
prove vertical heating in ways other than 
recirculating waste gas. Among them may 
be listed : 

1. The introduction of rich fuel gas into 
the burning flue in stepwise fashion, or 
from top and bottom, etc. 

2. The introduction of rich fuel gas from 
the bottom and adding air at various levels, 
limiting combustion in each zone. 

3. The use of high and low burners. This 
method is supposed to correct bottom over- 
heating by introducing' rich fuel gas at two 
different levels in alternating flues. It is 
being applied in particular to systems with 
thin bottom liners. (See previous warn- 
ing.) It has not shown any particular 
merit in the two-divided oven but is fairly 
satisfactory in the hairpin oven. 

4. The regulation of velocities of air and 
gas issuing from air and gas nozzles where 
both are located at the bottom of the flue 
and at substantially the same level. The 
method gives good results at the particular 
coking rate for which these velocities have 
been determined and the areas of air ports 
and nozzles designed. Of course, with 
slower coking times the results are not so 
satisfactory, although they are still better 
than were obtained by former practices. 
The limiting factor in this manner of ad- 
justment is that the air ports must usually 
be designed to handle lean gas (blast-fur- 
nace or producer gas) and air, which sets a 
limit bn what can be done with air port 
velocities. 

5. A novel scheme for effecting flame at- 
tenuation by recirculating combustion prod- 

39 Totzek, F., U. S. Pats. 1,957,425 (1934), 
1,986,903 (1935). 
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ucts has been developed by van Ackeren of 
the Hoppers Company (see Fig. 42 a and 6) . 
By means of a jet of inflowing rich fuel gas 
to a battery, van Ackeren withdraws com- 
bustion products from a heating flue or flues 
and provides for the admixing of the jetted 
rich gas and the withdrawn combustion 
products before they enter the gas ports of 
a flame flue. In this way, within the bat- 
tery itself, the calorific value of a heating 
gas can be reduced before the gas enters 


the flame flues. By certain structural in- 
novations, the basic idea is susceptible of 
use in either an under jet coke-oven battery 
or in one designed to distribute heating gas 
by means of the well-known “gas-gun.” If 
rich fuel gas is employed as the source of 
coking heat, improved uniformity is ob- 
tained in the vertical heats when this in- 
genious scheme of recirculation of combus- 
tion products is employed, and the quality 
of coke throughout the oven is improved. 
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Longitudinal Section through 
a Waste-gas Recirculating Duct 



Fig. 42a. Koppers recirculation coke oven.. 







CHAPTER 22 


DEPENDENCE OF YIELDS OF PRODUCTS ON TEMPERATURE 
AND RATE OF HEATING * 


Joseph D. Davis 

Senior Fuels Chemist, Central Experiment Station, Bureau of Mines , Pittsburgh , Pennsylvania 


In the industrial carbonization of coal, 
there is competition between rate of distil- 
lation and thermal decomposition after the 
distillation products are evolved from the 
plastic layer, owing to exposure to the 
higher temperatures of the surfaces over 
which the products must pass to escape 
from the retort or oven. The average time 
of exposure for a given flue temperature is 
determined largely by the width and height 
of the oven or retort, and the maximum 
temperature of exposure varies with the 
flue temperature. Rate of heating depends 
on both flue temperature and width of 
oven; accordingly, when the flue (or car- 
bonizing) temperature is changed, the rate 
of heating will change and experimental de- 
termination of the separate effects of these 
variables on the yields of carbonization 
products is difficult, if not impossible. At 
first it would appear that by making suit- 
able combinations of carbonizing tempera- 
ture and width of oven the effect of these 
factors on yields of products might be de- 
termined separately. For example, the 
same width of oven or retort can be used 
for different carbonizing temperatures and 
different widths of oven for the same car- 

* Published by permission of the Director, 
Bureau of Mines, United States Department of 
the Interior. 


bonizing temperatures. This procedure has 
been followed in the Bureau of Mines Lab- 
oratory, as will be shown later, but it is not 
believed practical in industrial-scale appa- 
ratus because constant wall temperatures 
are not maintained. 

Undoubtedly batteries of ovens have 
been operated on the same coals at differ- 
ent flue temperatures, because it often has 
been necessary to reduce the throughput 
during times of decreased demand for coke, 
and lowering the flue temperatures is a 
practical means of doing so. However, 
when the flue temperatures are changed, 
the relationship of heat stored in the re- 
fractories to that transferred to the charge 
also is changed, so that the effective inner- 
wall temperature probably does not change 
in proportion to the changes in flue tem- 
peratures. Varying the flue temperatures 
would give the overall effect as referred to 
the flue temperatures in a given type of 
oven, but without knowledge of effective 
inner-wall temperatures the flue tempera- 
tures probably would not be generally sig- 
nificant. Rummel 1 has shown the general 
relationship between heat stored and heat 

i Rummel, K., Trans. Fuel Conf World 
Power Conf., London, 2, 27-68 (1928). See also 
Stein schliiger, M., Arch. Eisenhiittemv., 3, 331-8 
(1929). 
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transferred in a coke oven, and Baum 2 has 
shown the effect on the inner-wall tempera- 
ture of varying the flue temperature and 
consequently the carbonizing time; how- 
ever, Baum's experiments were applied to 
ovens differing somewhat in width (450 and 
400 millimeters), and he did not give the 
effect on yields of carbonization products. 

It is common industrial practice to em- 
ploy ovens of different widths, and approxi- 
mately the same flue temperatures have 
been used in such ovens, but no strictly 
comparable data have been published show- 
ing the effect of width of oven on the yields 
of products. 

Dependence op Carbonizing Time on 
Width of Oven 

Mott and Wheeler 8 have stated that “the 
coking time is directly proportional to the 
square of the width of the oven." They 
assumed a coking time of 36 hours for a 
21-inch oven having clay refractories with 
the flues maintained at 1,100° C and stated 
that “the following coking times should ap- 
ply to other widths of ovens: 

“Width of oven, inches 20 18 16 14 

“Coking time, hours 32.5 26.5 21 16” 

Their figures for silica ovens at a flue tem- 
perature of 1,400° C were: 

Width of oven, inches 21 20 18 16 14 

Coking time, hours 24 22 17.5 14 11 

These figures agree closely with those calcu- 
lated from the formula for flat ovens de- 
rived by Burke, Schumann, and Parry 4 
partly by experiment and partly by deduc- 

2 Baum, K., Glilclcauf, 65, 765-76, 812-21, 
850-7 (1929). 

3 Mott, R. A., and Wheeler, R. V., The Quality 
ojf CoJce, Chapman and Hall, London, 1939, 464 
PP. 

4 Burke, S. P., Schumann, T. E. W., and 
Parry, V. F., Proc. Am. Gas Assoc., 1930, 820-55. 
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tions from the theory of heat conductivity. 
Their formula for a flat retort is: 

Coking time - 2 FR 2 

where 2# is the width of the oven and F 
is a factor depending on the wall tempera- 
ture. Mott and Wheeler stated further: 

The rate of heating is naturally related to 
the coking time. The most important period 
is during the plasticity of the coal, over the 
temperature range 400 to 500° C. Taking the 
wider range of temperature 300 to 600° C so 
as to include this important period, the aver- 
age rate of rise of temperature in a 20-inch 
oven coking in, say, 30 hours is 1.0° C per 
minute at % width, whilst in a 14-inch oven 
coking in 11 hours the average rate of rise 
of temperature at % width will be 2.5° C. 
Such variations in the rate of heating are not 
great, in comparison with rates of heating ob- 
tainable in laboratory tests, but they have 
important effects. 

It must be remembered that Mott and 
Wheeler were thinking primarily of the ef- 
fect on the quality of the coke , as this was 
the subject under discussion. 

One difficulty in obtaining comparable 
results on yields of products from industrial 
carbonization practice where several widths 
of ovens are used lies in the fact that dif- 
ferent coals, or blends of coals, are used at 
different plants; furthermore, operating 
conditions are likely not to be comparable, 
and recovery practice varies, particularly in 
plants of different designs. For these rea- 
sons, data on the effect of rate of heating 
and carbonizing temperature obtained in 
the small-scale testing equipment used by 
the Bureau of Mines 5 will be presented 
later. The method involved keeping the 
inner-wall temperatures of the retorts con- 
stant during the entire carbonizing period 
at the several temperatures chosen, thus 
eliminating the factor of storage and release 

s Fieldner, A. C., and Davis, J. D., V. S. Bur. 
Mines, Monograph 5 (1934), 164 pp. 
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of heat at the walls which is characteristic 
of a coke oven. Retorts of different sizes 
were used at the same carbonizing tem- 
peratures, and the overall effect of carbon- 
izing temperature was determined; how- 
ever, there remained the uncertainty of 
variation of effective contact of gases and 
vapors with the heated charges and the 
possibility that the variation might not be 
directly proportional to the overall car- 
bonizing time. The process of heat trans- 
fer therefore is not purely that of con- 
duction, as Burke, Schumann, and Parry 
concluded. According to these investiga- 
tors the carbonizing time for cylindrical 
retorts is T - FR 2 , whereas Lowry and 
his associates 6 found the relationship 
T = FIB 1 - 54 =•= 012 by calculation based on 
a large amount of experimental data. The 
writer has obtained results in virtual agree- 
ment with those of Lowry and believes that 
the law of squares does not hold strictly 
and that therefore the process is not one 
of conduction alone. 

Determination on Rate of Heating in 
Coke Ovens 

Ryan 7 considered the rate of travel of 
the zone of fusion in coke ovens to be a 
measure of the rate of heating. He ob- 
served that the temperature gradient across 
the zone of fusion is very steep and that 
gas pressures in this zone are higher than 
elsewhere in the charge. These facts fur- 
nished the basis of two methods whereby 
he could follow the progress of the plastic 
zone: the temperature-drop and the gas- 
pressure methods. In applying the former 
he observed temperatures at uniform points 
across the charge and plotted isochronic 
temperature curves from the walls to the 

6 Lowry, H. H. } Landau, H. G., and Naugle, 
Leah L., Am. Inst. Mining Met. Engrs ., Tech. 
Publ. 1332 (1941), 30 pp. 

7 Ryan, W. P., Proc. Am. Gas Assoc., 1925, 
861-78. 


center of the oven. From these curves he 
could determine the points of steepest tem- 
perature gradients and so find and follow 
the progress of the fusion zone. He also ap- 
plied the pressure-drop method, originally 
developed by Wilson. 8 In this method %- 
inch open pipes were introduced at inter- 
vals across the charge. The pipes were 
connected outside the oven to manometers 
by which the times of maximum pressure 
could be observed and the progress of the 
fusion zone followed. 

It should be noted that the temperature 
limits for the plastic range (575 to 750° F) 
given by Ryan are much too low. The fig- 
ures 400 to 500° C (752 to 932° F) given 
by Mott and Wheeler 3 are about right. 
Some lower-rank coking coals begin to fuse 
at temperatures around 390° C, but most of 
them begin to fuse at 400° C or a few de- 
grees higher. The range in temperature at 
which fusion begins for different coking 
coals is remarkably small, and the precision 
with which fusion can be observed by sev- 
eral test methods is. worthy of note. 9 

With the plastic range fixed at about 400 
to 500° C, it is possible to approximate 
closely the rate of progress of the plastic 
zone from earlier work, 10 in which tempera- 
ture measurements were made at fixed in- 
tervals across the coking charge and for 
which time-temperature curves have been 
published. The trend of such curves is 
characteristic of the layer-coking process, 
regardless of whether the retort or oven is 
round or rectangular, as is clear upon com- 
parison of Fig. 1, taken from Simmersbach 
and applying to a coke oven, with Fig. 2, 
using a cylindrical retort. 5 

S Wilson, D. W., ibid., 1923, 952-64. 

9 Brewer, R. E., and Triff, J. E., Ind. Eng. 
Chem., Anal. Ed., 11, 242-7 (1939). 

io Simmersbach, O., and Schneider, G., Grund - 
lagen der Koh$~Chemie, J. Springer, Berlin, 1930, 
366 pp. 
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Carbonizing Time, Hours 

Fig. 1. Carbonizing temperature record — 20-inch rectangular coke oven, using dry coal. 1 

To measure temperatures at fixed points within the zone is steep compared with 

in a coking charge, thermocouples of appre- that elsewhere in the charge. If refractory 

ciable length must be employed, and these tubes are used, they are likely to break, 

must be encased in protecting tubes. If The shifting of the charge during coking 

metal tubes are used they are likely to may affect the accuracy of pressure meas- 

bend and be forced aside by shifting of the urements when the pressure method is 

charge while it is coking; furthermore, un- used; furthermore, plastic coal may enter 

less the tubes can be maintained parallel to the ends of the tubes and coke there, giv- 

the plastic zone they are likely to conduct ing pressures entirely too high and not nec- 

heat away from or toward the plastic zone, essarily coincident with the passage of the 

when the zone is at the point where meas- plastic zone in the oven. These difficulties 

urement is being made, and so give a false have been encountered in the Bureau of 

indication of the temperature. It will be Mines laboratories when temperature and 

recalled that the temperature gradient pressure were measured during coking tests. 



0 I 2 3 4 

Carbonizing Time, Hours 

Fig. 2. Carbonizing temperature recortf — 13-incli BM-AGA retort heated in an electric furnace. 5 
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Importance of the Plastic Stage in Car- 
bonization in Determining Yields 
of Carbonization Products 

Mott and Wheeler 3 have stated that “the 
most important period is during the plas- 
ticity of the coal, over the temperature 
range 400 to 500° C This statement ap- 
plies particularly to the influence on the 
quality of the coke. In the plastic period 
of the coking process, the most important 
chemical and physical changes evidently 
take place, because the so-called primary 
decomposition of the coal substance occurs 
during this period. It has been observed 
that the temperature range from the point 
of fusion to the point at which the coal sets 
to form coke is fixed within narrow limits 
for all coals; therefore it can be inferred 
that exposure to temperatures within the 
plastic range does not vary the yields of 
products in industrial coking provided that 
the thickness of the plastic layer is con- 
|stant. If the time of passage through the 
| plastic zone, or the rate of heating, is varied 
'it should be possible to vary the yields of 
products, because by so doing the time of 
exposure to the plastic range of tempera- 
tures can be varied. 

It is possible that the thickness of the 
plastic layer differs for different coking 
coals, and if so some variation in yields 
of carbonization products from this cause 
would be expected. Sapozhnikov 11 found 
the thickness to vary from approximately 
15 to 35 millimeters. However, the writer 
has not been able to verify Sapozhnikov’s 
results. (See also pp. 280-98.) 

Juettner and Howard 12 worked with a 

11 Sapozhnikov, L. M., and Bazilevich, L. P., 
Investigation of the Coking Process: Classifica- 
tion of Coals and Calculation of Coking Mixtures 
on the Basis of the Plastometric Method , State 
Scientific Publishing House of Ukraine, Kharkov, 
1935, pp. 34-54. 

12 Juettner, B., and Howard, H. C., Ind. Eng. 
Chem., 26, 1115-8 (1934). 


molecular still at extremely low pressures 
and at maximum temperatures only slightly 
above the upper limit of the plastic range. 
The products from a thin layer of coal 
were chilled by a liquid-air condenser 
placed within the mean free molecular path, 
so that the products, once formed, suffered 
minimum thermal decomposition. They in- 
vestigated rate of heating and found that 
rapid heating resulted in larger yields of 
condensate than exhaustive heating step- 
wise to the same maximum temperatures. 
Admittedly their experimental conditions 
were extreme; however, the results prove 
that rate of heating through the plastic 
range is important. These investigators 
also brought out the interesting fact that 
larger yields of condensate were obtained 
by heating at atmospheric pressure to 
400° C than by heating in a vacuum to 
that temperature. Evidently other factors 
besides rate of heating and maximum tem- 
perature affect yields of products within 
this temperature range — probably the sol- 
vent effect of tars remaining for an appre- 
ciable length of time in contact with the 
charge, as the writers suggested. 

In the Bureau of Mines Survey of Car- 
bonizing Properties of American Coals, 13 
the Fischer assay 14 with 50 grams of coal 
and the BM-AGA retort with 80 to 90 
pounds have been used to determine the 
yields of carbonization products at 500° C. 
The carbonizing time in the BM-AGA re- 
tort was 30 to 35 hours compared to 2.5 
hours in the Fischer retort, or more than 
10 times as long. As a matter of fact, vir- 
tually all the tar was obtained from the 
Fischer retort during the first hour. The 
comparison in yields of carbonization prod- 
ucts from the two retorts for Pond Creek 

i3Fieldner, A. C., Davis, J. D., Thiessen, R., 
Kester, E. B., and Selvig, W. A., U. S. Bur. 
Mines , Bull. 344 (1931), 107 pp. 

14 Fischer, F., and Schrader, H., Ces. At>- 
handl. Kenntnis Kohle, 5, 55-64 (1920). 
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high-volatile A coal 15 shown in Table I il- yield of coke was about 1.9 percent and 
lustrates the differences which may be due that of gas about 4 percent less at the 
to carbonizing time. higher rate of heating. 

TABLE I 

Comparison of Yields of Products Obtained on Carbonizing a High-Volatile A Coal to 

500° C at Different Rates 15 



Maximum 

Carboniz- 

Yields of Products 

Yields per 

Ton of Coal 

Retort 

Temperature 

ing Time 

Coke Gas 

Tar Liquor 

Gas 

Tar 


°C 

hours 

percent of coal charged 

cubic feet 

gallons 

Fischer 

500 

2.5 

76.7 4.9 

12.0 5.5 

1,950 

28.9 

BM-AGA 

500 

30.5 

77.8 5.7 

9.1 6.3 

2,550 

21.6 


This coal ceased to be plastic at 491° C, so 
that the maximum carbonization tempera- 
ture may be looked upon as the upper limit 
of the plastic range within the limits of ex- 
perimental error. The main effect on yields 
of products of extending the carbonization 
time more than tenfold appears to be de- 
composition of about 24 percent of the tar 
into gas, coke, and liquor. 

Effect of Rate of Heating through the 
Preplastic Range on Yields of 
Carbonization Products 

Warren 16 has studied the effect on yields 
of carbonization products of changing the 
rate of heating through the preplastic 
range. He heated 110 grams of 20- to 80- 
mesh coal in a 1-inch 18-8 alloy steel tube 
at rates of 1.4 and 21.8° C per minute 
through the preplastic range, the most 
rapid rate thus being more than 15 times 
the slowest. This difference in heating 
through the preplastic range — 25 to 390° C 
— changed the yield of condensable liquids 
by more than 13 percent, the higher yield 
corresponding to the more rapid rate; the 

is Fieldner, A. C., Davis, J. D., Selvig, W. A., 
Reynolds, D. A., Sprunk, G. C., and Auvil, H. S. f 
U . 8 . Bar . Mines , Tech . Paper 590 (1939), 46 
PP* 

is Warren, W. B., Ind . Eng . Ghem 27, 1350-4 
(1935). 


The results show that during the slow 
heating through the preplastic range in a 
coke oven, where the maximum variation is 
only a few degrees per minute, physical or 
chemical changes, or both, may take place 
that modify the so-called primary decom- 
position of the coal. However, the varia- 
tion attainable in heating through the pre- 
plastic range in present coke-oven practice 
is so small that it will be impracticable to 
take advantage of this knowledge by vary- 
ing the operation. The coal could, of 
course, be preheated rapidly, as in a rotary 
retort, then charged hot into the ovens. 
During 1928, the writer had the good for- 
tune to observe some tests that the late 
Professor Parr 17 was making at Urbana, 
111., in which he preheated the coal in a ro- 
tary retort just short of the fusion tem- 
perature and then charged it hot into a 2- 
ton Russell slot-type oven. He was able to 
reduce the carbonizing time about half. 
This advantage would seem important, but 
as far as the writer knows no industrial de- 
velopments have resulted from the research. 
(See also pp. 848-59.) 

‘Undoubtedly changes (other than elimi- 
nation of water, carbon dioxide, etc.) take 
place in the coal substance at temperatures 
below that at which the coal fuses. King 

17 Parr, S. W., unpublished work. 
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and Willgress 18 distilled small quantities of 
oils from coking coal at 215° C. TMessen 
and Sprunk 19 studied the effect of preheat- 
ing coal at temperatures below its fusion 
point on the petrographic structure. They 
detected fusion of cuticles and resins and 
slight exudation of oils. At the fusion 
temperature the coal became opaque, and 
changes in structure could no longer be ob- 
served by the method used, which consisted 
of making thin sections of the material and 
following changes in structure under the 
microscope by transmitted light. Work 
in the Bureau of Mines laboratories has 
shown 20 that the fluidity of a coal in the 
plastic range can be reduced and its fusion 
temperature raised by prolonged heating in 
the preplastic range. The lowering of the 
fluidity is considerable; it may be caused 
by the predominance of large molecules 
formed in rendering the coal compounds 
less sensitive to temperature by preheating, 
as Warren 16 has suggested. 

Work on Bureau on Mines Bearing on 
Effect of Carbonizing Temperature and 
Rate of Heating on Yields of Carboni- 
zation Products 

carbonizing temperature 

In the Survey of Carbonizing Properties 
of American Coals being conducted by the 
Bureau of Mines each coal is tested in a 
retort 13 inches in diameter (SO- to 85- 
pound charges) at 500, 600, 700, 800, and 
900° C, and also in a retort 18 inches in 
diameter (ISO- to 190-pound charges) at 
800, 900, and 1,000° C, and the yields and 
quality of carbonization products are de- 
termined. More than 60 coking coals have 

is King, J. G., and Willgress, R. E., Dept. Sci. 
Ind. Research (Brit.), Fuel . Research Board , 
Tech. Paper 16 (1927), 19 pp. 

i9Tliiessen, R., and Sprunk, G. C., Fuel , 13, 
116—25 (1933). 

20 Fieldner, A. C., Z7. &. Bur. Mines , Informa- 
tion Circ. 6992 (1938), 41 pp. 


been tested; for 30 or more of these, the 
size of the retorts and temperatures were 
as stated. The retorts are charged cold 
into the furnace, which has been heated to 
a temperature somewhat above that de- 
sired, so that soon after charging the retort 
wall attains the test temperature at which 
it is kept constant automatically during the 
entire carbonizing period. Figure 3 for 
Upper Banner Seam coal 21 illustrates the 
dependence of yields of products on car- 
bonizing temperature. Except for minor 
differences, this coal shows trends that are 
characteristic of all coals tested. 

The yield of gas (volume basis) is almost 
a straight-line function of the carbonizing 
temperature over this range of tempera- 
ture. Figure 4 shows that the yield on the 
basis of Btu in gas per pound of coal is 
similarly related to the carbonization tem- 
perature; however, the curve tends to flat- 
ten at the higher temperatures, indicating 
that raising the temperature much beyond 
1,000° C would not increase the yields. 

The yield of tar approaches inverse pro- 
portionality to carbonizing temperature; 
however, in Fig. 3 the yield at 500° C is 
slightly less than that at 600° C. This re- 
sult is characteristic of high-rank coals, but 
with coals of lower than high-volatile A 
rank the yield at 500° C usually is higher 
than that at 600° C. In the carbonization 
process there is competition between distil- 
lation and decomposition, and evidently 
with this high-rank coal the longer time of 
contact at 500° than at 600° C gave de- 
composition the advantage. Coals of differ- 
ent rank behave somewhat differently in 
this regard. 

The yield of coke decreased as the tem- 
perature was raised to 800° C and then ap- 

21 Fieldner, A. C., Davis, J. D., TMessen, R., 
Selvig, W. A., Reynolds, D. A., Brewer, R. E., 
and Sprunk, G. C., V. S. Bur. Mines, Tech. 
Paper 584 (1938), 81 pp. 



Tar and light oil per ton, gallons 



Carbonizing temperature 


Fig. 3. Yields of carbonization products from Upper Banner Seam coal.* 
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Heat per cu ft of gas at 60° F, 30 inches pressure, B t u 



Carbonizing temperature 

Fig. 4. Physical constants of gas from carbonization of Upper Banner Seam coal. 21 
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Specific gravity at 60° F, 30 inches pressure 
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proached constancy. There was a tendency 
for slight increase at 1,000° C, probably be- 
cause of increased graphitization. 

The yield of light oil approached a maxi- 
mum at 900° C and that of ammonium sul- 
fate at 800° C. Contact with the iron walls 
of the retort probably decomposes am- 
monia more rapidly than would contact 
with a refractory wall at higher tempera- 
tures. The yields at 900 and 1,000° C were 
always lower than those obtained in coke 
ovens. Lunge 22 has given detailed results 
of experiments showing that contact with 
iron decomposes ammonia more rapidly 
over the temperature range in question 
than contact with refractories. 

The effect of blending Upper Banner coal 
with 20 and 30 percent of Beckley and Sew- 
ell coals on the yields of products is shown 
for the 900° C tests. On the “as-received” 
or as-carbonized basis the volatile-matter 
content of Upper Banner coal was 31.8 per- 
cent, that of Beckley coal was 17.9, and 
that of Sewell coal was 26.5. The effect of 
adding the lower-volatile coals to the Up- 
per Banner coal was to increase the yields 
of coke, mostly at the expense of the tar. 
The yield of gas was also lowered to some 
extent. 

EFFECT OF RATE OF TRAVEL OF PLASTIC ZONE 
AND VARIATION IN CARBONIZING 
TEMPERATURE 

In the preceding section the main vari- 
able as far as effect is concerned probably 
is carbonizing temperature; however, as a 
retort of the same size was used for all 
temperatures the carbonizing time, or rate 
of travel of the plastic zone, also differed 
considerably. The carbonizing time in the 
13-inch retort at 500° C was about 30 hours, 
whereas at 900° C it was about 7 hours. 

22 Lunge, G., Coal Tar and Ammonia , Part III, 
Ammonia, Gurney & Jackson, London, 1916, 
1658 pp. 
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The time varies somewhat with different 
coals. Tests at 1,000° C were made in the 
18-inch retort only. 

For coals tested more recently, data are 
available on the effect of varying the rate 
of travel of the plastic zone at the two tem- 
peratures 800 and 900° C (in the neighbor- 
hood of effective wall temperatures in coke 
ovens). Table II gives the results for 20 
coals; by changing the diameter of the re- 
tort the rate of travel of the plastic zone is 
changed about 14 percent. The effects on 
yields of products of changing the rate of 
travel by this amount at both tempera- 
tures are small but significant on an aver- 
age. Except for the light oil and ammo- 
nium sulfate, the yields from the two re- 
torts would be considered hardly outside of 
the limits for duplicate determinations. It 
is clear that the large retort yields slightly 
more coke and gas and less tar than the 
small one. The variations are of the order 
of 1 percent of the product, or less. The 
effect of raising the carbonizing tempera- 
ture from 800 to 900° C, on the other hand, 
is to increase the yield of gas and light oil 
by about 10 percent and decrease that of 
tar by a similar percentage. The yield of 
coke remains virtually unchanged. The 
yields of ammonium sulfate are greater at 
800° C and in the large retort; the yield 
at 800° C in the large retort is only slightly 
less than that normally obtained from a 
coke oven. 

In conclusion, in industrial carbonization 
of coal it is virtually impossible to separate 
the effects of rate of heating and carboniz- 
ing temperature on the yields of carboniza- 
tion products, because when one factor 
changes so does the other. Rate of heating 
has been defined as the rate of travel of 
the plastic layer, and this appears logical, 
because it is within the plastic layer that 
the most pronounced physical and chemical 
changes of the coking process take place. 



TABLE II 

Comparative Yields op Carbonization Products, As-C arb onized Basis, 13-Incii and 18-Inch Retorts at 800 and 900° 

Yields per Ton of Coal * 

Carbon- Yields * Light Oil 
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Lower Kittanning (washed) low- volatile 800 82.5 10.0 1.6 0.42 0.143 5.1 8,600 3.3 1.15 0.09 16.0 

Lower Kittanning (washed) low-volatile 800 82.3 10.4 1.7 0.42 .156 5.3 9,000 3.6 1.17 0.10 19.2 

Lower Kittanning (washed) low-volatile 900 82.0 11.1 1.6 0.46 .131 4.8 10,250 3.2 1.24 0.04 13.1 
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Carbonizing temperature probably should 
be taken to mean the maximum tempera- 
ture to which the volatile products are ex- 
posed after being evolved in the plastic 
layer. Both temperature and time of con- 
tact are factors influencing the extent of 
secondary decomposition of the so-called 
primary volatile carbonization products 
from coal; however, it appears that within 
the range of industrial carbonization con- 
ditions, at least, temperature is the more 
important. 

In the Survey of Carbonizing Properties 
of American Coals 23 tests have been made 
at wall temperatures 500, 600, 700, 800, 
900, and 1,000° C on more than 60 coals. 
Charts giving the yields of carbonization 
products over this range of temperature for 
a representative high-volatile A coal show 
that, of all carbonization products, the yield 
of gas (volume basis) is the most sensitive 

23 Wilson, J. E., and Davis, J. D., XJ. S. Bur. 
Mines , Tech. Paver 037 (1942), 10 pp. 


to temperature and that of tar next in or- 
der. The yield of gas increases more than 
500 percent when the temperature is raised 
from 500 to 1,000° C, and that of tar de- 
creases by about 50 percent. Probably 
these differences would have been greater 
had the carbonizing time (time of contact 
of volatile products) been constant for all 
tests; actually it varied inversely with the 
carbonizing temperature. In the course of 
the survey, tests were also made on some 
20 coals at 800 and 900° in retorts of two 
different sizes; that is, both the carbonizing 
time and carbonizing temperature were 
varied independently. The results indicate 
that the influence on the yields within this 
range of temperature caused by changing 
the time about 14 percent is of the order 
of 1 percent, whereas a change of 100° C 
(180° F) in the carbonization temperature 
caused a change in the yields of about 10 
percent. 



CHAPTER 23 


PRETREATMENT OF COAL FOR CARBONIZATION 
H. H. Lowry 

Coal Research Laboratory , Carnegie Institute of Technology 


Methods in common use, or proposed, 
for pretreatment of coals for carbonization 
include cleaning (see Chapter 16), blend- 
ing with other coals or inerts, preheating 
to temperatures below incipient softening, 
and oxidation at temperatures above nor- 
mal atmospheric temperatures. Of these 
four methods only the last two will be con- 
sidered here. 

Preheating 

The information in the technical litera- 
ture on the effects of preheating on the 
yields and qualities of the products, the 
rates of heating, and the heat economy in 
the carbonization process is in many re- 
spects inconsistent. Some of these factors 
are complicated by the uncertain direct and 
indirect effects of removal of moisture' 
from the oven charge. Although preheat- 
ing has been carried out in full-scale com- 
mercial ovens, 1 ’ 2 it is unfortunate that the 
results of the tests have not been pub- 
lished, and, therefore, conclusions regard- 
ing the possibilities of this modification of 
normal carbonization practice must be 
based on indirect evidence. 

Parr and coworkers studying Illinois coals 

lRamsburg, C. J., Eoppers Company, private 
communication, 1936. 

2 Litterscheidt, W., Gluchauf, 71, 173-81 
(1935). 


investigated 3 the preheating of an Illinois 
coal to a temperature of 300° C, or “slightly 
below the point of active decomposition,” 
and charging the preheated material to a 
retort maintained at a temperature of 700 
to 750°. It was claimed that the exother- 
mic reactions that occur at temperatures 
just above the point of active decompo- 
sition maintained a rapid progression of 
coking through the mass, and that the coke 
produced was of superior density and 
strength. In subsequent papers, Parr 4 em- 
phasized that the reactions that occur be- 
low incipient softening of the coal have a 
profound and, indeed, governing effect 
upon the reactions that occur at higher 
temperatures. He called attention to the 
importance of the time factor in the low- 
temperature zone and proposed to desig- 
nate the zone below 300° as the “condi- 
tioning” stage of coals for carbonization. 

The rapid heating in the second stage of 
the Parr process has been attributed to an 
exothermic heat of reaction, estimated 5 to 
be equivalent to 36 calories per gram, and 
not to removal of moisture in the preheat- 

3 Parr, S. W., and Layng, T. E., Ind . Eng . 
Chem 13, 14-7 (1921) ; Gas Age-Record , 50, 
531-4 (1922). 

4 Parr, S. W., Proc. 1st Intern. Conf. Situ- 
ruinous Coal , 1, 635-49 (1926) ; Proc. 2nd In * 
tern. Conf. Bituminous Coal , 2, 54-70 (1928) ; 
Ind. Eng. Chem., 21, 164-8 (1929). 

5 Chapman, W. R., Fuel , 5, 355-61 (1926). 
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ing stage. It is difficult to estimate the 
importance of a heat effect of this magni- 
tude on heating coal over the limited range 
of 300-350° to 700-750°. The heat of 
coking in normal carbonization practice has 
been estimated to range from 325 calories 
per gram G to more than 600 calories per 


ucts. Irregularities in the heating curves 
obtained during the coking of coals have 
been attributed to both endothermic and 
exothermic reactions 6 > 8 and also to experi- 
mental error. 9 A typical heating curve of 
a coal 8 is shown in Fig. 1; the departure 
at about 400° C from the curve calculated 



Time, Minutes 

Fig. 1. Typical heating curve of a bituminous coal — cylindrical retort 2.88 inches in diameter. 


gram, 7 depending in part on the operating 
efficiency of the ovens. In any event, if 
preheating were of value for use only with 
coals giving exothermic heats of reaction, 
it would have limited applicability, for not 
all coals give positive heats of carboniza- 
tion, where the heat of carbonization is de- 
fined as the difference in heat input to the 
charge and the sensible heat in the prod- 

e Terres, E., and Wolter H., Gets- u. Wcsser- 
fach , 70, 15, 30-4, 53-8, 81-5 (1927). Terres, 
E., and Meier, M., ibid., 71, 457-61, 490-5, 
519-23 (1928). Terres, E., and Voituret, K., 
ibid., 74, 97-101, 122-8, 148-54, 178-83 (1931). 

7 Baum, K., Glilchawf, 66, 185—91 (1930). 


from Fourier’s law of heat conduction is 
similar to the irregularities commonly at- 
tributed to exothermic reactions. In gen- 
eral, exothermic reactions are more pro- 
nounced in high-oxygen coals, 10 many of 
which are not adapted to byproduct car- 
bonization; for example, the heats of car- 
bonization of a subbituminous coal from 

8 Burke, S. P., Schumann, T. E. W., and 
Parry, V. F., Proc. Am. Gets Assoc., 1930, 820— 
55 ; Fuel, 10, 148-71 (1931). 

9 Baum, K., and Litterscheidt, W., Brennstoff- 
Chem ., 13, 386-91 (1932). 

10 Strache, H., and Frohn, E., Brennstotf- 
Chem 3, 337-40 (1922). 
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Colorado, a noncoking Utah coal, and a 
Pittsburgh Seam coal were found 11 to be 
approximately 50, 25, and 4 calories per 
gram, respectively. Davis and cowork- 
ers 12 developed a precise method, using an 
adiabatic twin calorimeter, for measuring 
heats of carbonization; for a number of 
representative American coals they ob- 
tained values ranging from 37 to —14 cal- 
ories per gram. On comparison of the 
calorimetric results with the heating curves 
obtained by the method of Hollings and 
Cobb 13 little connection could be shown 
between the results of the two series of 
tests. The heating curves, except for an- 
thracite, showed an exothermic effect from 
400 to 750°. Nevertheless, Davis 12& con- 
cluded that the exothermic heat of carboni- 
zation of coal must be a practically negli- 
gible proportion of the total heat involved 
in coking a given coal. 14 

If an exothermic heat of carbonization is 
to be excluded from the causes for the 
rapid carbonization of preheated coal, a 
possible explanation may be sought in the 

11 Burke, S. P., and Parry, V. F., Ind. Eng. 
Chem., 10, 15-20 (1927). 

12 (a) Davis, J. D., and Place, P. B., Ind. 

Eng. Chem., 16, 589-92 (1924). (&) Davis, J. 

D., Ibid., 16, 726-30 (1924). ( c ) Davis, J. D., 

Place, P. B., and Edeburn, P., Fuel, 4, 286-99 
(1925). 

13 Hollings, H., and Cobb, J. W., J. Chem : 
Soc., 107, 1106-15 (1915). 

14 Other studies of the heat evolved or ab- 
sorbed in coal carbonization, excluding those 
primarily concerned with thermal efficiency of 
coke-oven operation, are : Mezger, R., and 
Muller, M., J. Gasbeleucht 63, 669-73 (1920). 
Straehe, H., and Grau, H., Brennstoff-Chem ., 2, 
97-9 (1921). Sieben, K, ibid., 3, 209-11 (1922). 
Winter, H., ibid., 7, 117-23 (1926). Nie- 
mann, P., ibid., 12, 386-9 (1931). Baum, K, 
Arch. Eisenhiittenw., 2, 779-94 (1929). FSodo- 
roff, V., Chimie <6 industrie, 22, 231-48 (1929). 
Terres, E., Gas- u. Wasserfach, 72, 361-9 (1929). 
Dubois, J., Gaz i Woda, 11, 313-7 (1931). 
Terres, E., Tjia, H. A., Herrmann, W., Joh- 
swich, F., Patscheke, G., Pfeiffer, J., and 
Schwarzmann H., Angew. Chem., 48, 17-21 
(1935). N. N. Norkin, Coke <£ Chem. (U.S.S.R.), 
7 , No. 10, 16 (1937). 


removal of moisture and the thermostating 
action of water in the center of the charge. 
This effect is noticeable in Fig. 1. The 
initial rapid rise in temperature is due to 
heat convected by water vapor which con- 
denses on the cold coal at the center. The 
same phenomenon is observed to an en- 
hanced degree in commercial ovens, as is 
shown in Fig. 2, which reproduces the aver- 
age coal temperatures at the center of a 
Koppers oven coking Illinois coal, contain- 
ing 8.07 percent moisture. 15 Similar curves 
were obtained at points closer to the oven 
wall, the temperature rising more rapidly 
to about 100° C and remaining constant 
for longer times as the distance from the 
oven wall increases. 16 

It might be expected that removing water 
from the coal charged to the oven would 
reduce the coking time about in proportion 
to the percentage of the total water re- 
moved. The evidence on this point is con- 
flicting; Koppers, Baum, and others 17 have 
claimed on the basis of some theoretical 
considerations, but largely on the basis of 
Baum’s studies, that up to 6 percent water 
has no effect on the heat consumption as 

is McBride, R. S., and Selvig, W. A., U. 8. 
Bur. Standards, Tech. Paper 137 (1919), 55 
pp. ; Chem. & Met. Eng., 21, 122-8 (1919). 

16 Hilgenstock, R. W., J. Gasbeleucht., 45, 

617-21 (1902). Simmersbach, O., Stahl u. 

Eisen, 34, 954-8 (1914). Becker, J., Blast Fur- 
nace and Steel Plant, 10, 575-83 (1922). Por- 
ter, H. C., Coal Carbonization, Chemical Catalog 
Co., New York, 1924, pp. 145-6. Ryan, W. P., 
Proc. Am. Gas Assoc., 1925, 861-78 ; Fuel, 5, 
150-7 (1926). Baum, K., Arch. Eisenhiittenw., 
2, 779-94 (1929) ; Brennstoff-Chem., 11, 47-51 
(1930) ; GliicJcauf, 65, 769-77, 812-21, 850-60 
(1929). 

17 Koppers, H., Koppers Mitteilung., 14, 3-S 
(1932) ; Fuel, 12, 139-43 (1933). Baum, K., 
Arch. Eisenhiittenw., 6, 263-9 (1933). Dum- 
mett, G. A., and Greenfield, G. J., Gas World, 
100, Coking Sect., 38-44 (1934). Jiiger, H„ 
Gas- u. Wasserfach, 78, 290-3, 308-12, 332-6 
(1935). Schlhpfer, P., and Rohonezi, G., Eidge- 
noss. Materialprufungsanstalt E. T. E. Zurich, 
Ber. 102 (1936), 22 pp. See also Baum, K., 
Glilckauf , 66, 185 (1930) ; Fuel, 9, 492 (1930). 
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the heat necessary for vaporizing this water 
can be extracted from the gases moving 
ahead of the plastic zone. Litterscheidt 18 
pointed out that Baum’s data are inade- 
quate to justify this position and that if 
the sensible heat of the gases, whose amount 
he does not believe to be adequate to carry 
heat for vaporizing 6 percent of water, was 


charge density and moisture content and 
dependent only on due temperature and 
the oven width. The methods of analysis 
used by Litterscheidt need further investi- 
gation and confirmation before they can 
be generally accepted. 

Many observations in the literature on 
the effect of moisture on coking time are 



Fig. 2. Temperature at center of 18t4-inch oven charge. Flue temperature, 1,260° C. Normal 
coking time, 19% hours. 10 


not used for the vaporization it would be 
used for heating up the coal ahead of the 
plastic layer. Dubois 19 also did not be- 
lieve Baum’s generalization justified and 
stated that the fuel requirement increased 
with increase in water content. In an 
analysis of data obtained on 18 working 
coke ovens, charged with coal to a density 
of 39 to 50 pounds per cubic foot and with 
moisture contents ranging from 6.5 to 14.1 
percent, Litterscheidt 18 found that the 
coking time was independent of both 

is Littersclieiclt, W., Gluckctuf, 70, 77-84, 

106-12 (1934). 

19 Dubois, E„ Gas- u. Wasserfach, 81, 148-51 
(1938). 


in disagreement with the findings of Baum 
and Litterscheidt. Farnham 20 cited a case 
in which reducing the moisture in the coal 
charged from 12 to 2 percent reduced the 
coking time required per oven from 12 
hours to 8 hours 40 minutes in a modern 
battery, and in a 20-year-old battery from 
30 hours to 21 hours 40 minutes; the gains 
respectively in coking capacity were ap- 
proximately 27 and 38.6 percent. For the 
same change in moisture content, i.e., from 
12 to 2 percent, Dubois 19 found an in- 
crease in throughput of 11.3 percent. 

20 Farnham, R. V., Colliery Guardian , 149, 
1043-5 (1934). 
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Mott 21 has stated that reduction of the 
moisture content by 5 percent would reduce 
coking time in a new 18-inch oven from 18 
to 16% hours and in old installations from 
32 to 27 hours. Foxwell 22 and others 23 
have agreed that a decrease in moisture 
decreases coking time, and Foxwell gave an 
average of 3 percent increase in the period 
of carbonization for each percent of added 
or hygroscopic water. This figure agrees 
closely with that obtained from an anal- 
ysis 24 of the data of Fieldner and Davis 25 
on 30 representative American coals rang- 
ing in moisture content from 0.8 to 10.1 
percent which were carbonized in 13-inch 
cylindrical retorts at 100° intervals from 
500 to 1,100° C. Least-squares solution of 
the coefficients in the equation 

CT = a[H 2 0] + fr[FC +■ Ash] 

where CT is coking time, [H 2 0] is percent 
moisture, and [FC 4* Ash] is the sum of 
the percentages of fixed carbon and ash, 
gave for the value of a, expressed in per- 
centage of average coking time, 3.26, 3.29, 
3.26, 2.S5, 3.54, 2.80, and 3.30 at 500 to 
1,100° C, with an average value of 3.19 
percent increase in coking time for each 
percent moisture in the charge. 

From the above considerations, it would 
appear definite that, except for possible op- 

21 Mott, R. A., Fuel , 10, 424-35 (1931). 

22 Foxwell, G. E., Colliery Eng., 7, 397-9, 
438-40 (1930). 

23 Thwaite, A. H., Gas World , 72 , Coking Sect., 
38-9 (1920). Dubois, E., Gas- u. Wasserfach, 
71 , 793-8 (1928). Fieldner, A. C., U. 8. Bur. 
Mines , Mept. Investigations 3020 (1930), 13 pp. 
Mott, R. A., and Wheeler, R. V., Coke for Blast 
Furnaces , The Colliery Guardian, London, 1930, 
p. 210. Dorofeev, D. S., Miroshnichenko, A. M., 
Senichenko, S. E., and Khadzliinov, V. N., Coke 
d Chem. (U.S.S.R.), 7 , No. 3, 28-32 (1937). 
Kustov, B. I., ibid 8, No. 14, 38-40 (1938). 
King, J. G., J. Inst. Fuel , 12 , 357, 368 (1939). 

24 Lowry, H. H., Landau, H. G., and Naugle, 
L. L., Trans. Am. Inst. Mining Met . Engrs ., 149 , 
297-326 (1942). 

25 Fieldner, A. C., and Davis, J. D., XJ. S. Bur. 
Mines, Monograph 5 (1934), 164 pp. 


posing effects, a decrease in moisture, o” 
complete elimination as in preheating, will 
decrease the time necessary for carboniza- 
tion of a coal. These possible opposing 
factors are also functions, generally poorly 
described, of the moisture content itself, 
i.e., (1) the rate of heating, (2) the bulk 
density of the charge, and (3) the ratio of 
conduction to convection of heat within the 
charge. 

In Fig. 3 are reproduced curves given by 
Litterscheidt 2 showing the rise in tempera- 
ture at the center of an oven charged with 
a coal preheated to different temperatures. 
The curve for the untreated coal was not 
given, nor was the analysis of the coal re- 
ported. However, these curves may be 
compared with the curve in Fig. 2, which 
is one of the published heating curves for 
coal in an oven of about the same width 
and approximately the same flue tempera- 
ture. The curves in Fig. 3 are not regular 
in trend, but it may be noted, especially 
for the coal pretreated at 250°, that al- 
though the coking time has been consider- 
ably reduced the rate of heating over the 
temperature interval from the temperature 
of preheating to 900° is less for the treated 
than for the untreated coals. The possible 
effects of this will be discussed in more de- 
tail later, but it should be pointed out that 
the nature of the carbonization reactions 
depends on the rate of heating and may 
well influence the heat requirements in 
such a way that a decrease in moisture 
may increase the heat required for carboni- 
zation under some conditions. Koppers 17 
pointed out that, with weakly coking coals, 
the thermostating action of the w r ater nor- 
mally present, or sometimes purposely 
added, is essential for thermostating the 
coal until such time that a rapid rise in 
temperature to the plastic stage can occur 
if coke of satisfactory strength is to be ob- 
tained. 
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Of the many investigations 26 of the in- 
fluence of moisture on the bulk density of 
coals, perhaps the most thorough of those 
published are those of Eisenberg and of 
Stackel and Radt. Dry coal has the high- 
est bulk density, which decreases to a mini- 
mum at 5 to 9 percent moisture depend- 
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a dry-coal basis, as is shown in Fig..4 27 
It may be seen from the curve that, below 
about 7 percent, the amount of dry coal 
per unit volume increases by several per- 
cent for each percent reduction in mois- 
ture. Since preheated coal is dry, oven 
capacities might be increased by its use, 



Fig. 3. Temperature at center of 18-inch oven charged with coal preheated to 100, 150, 200, 250, 
and 300° C. Flue temperature, 1,350° 0. Data of Firma Didier. 2 


ing on the coal and its size distribution. 
The minimum is generally more pro- 
nounced when the bulk density is expressed 
on a wet-coal basis than when expressed on 

2G Chapman, H. M., and Barnhart, E., Iron 
Age, 81, 1440 (1908). Foxwell, G. E., Colliery 
Eng., 7, 397-9, 438-40 (1930). Koppers, H., 
and Jenkner, A., Gliickauf , 66, 834-8 (1930) ; 
Leven, K., ibid., G7, 770-2 (1931). Eisenberg, 
G., ibid., 68, 445-51, 465-9 (1932). Litter- 
Scheldt, W., ibid., 71, 173-81 (1935). Stackel, 
W., and Radt, W. P., Brennstoff-Chem., 15, 
121-6 (1934); Fuel, 13, 282-5, 311-3 (1934). 
Dummett, G. A., and Greenfield, G. J., Gas 
World, 100, Coking Sect, 38-44 (1934). Farn- 
ham, R. V., Colliery Guardian, 149, 1043-5 
(1934). Roberts, J., and Jenkner, A., Inter- 
national Coal Carbonization, Sir Isaac Pitman 
& Sons, London, 1934, p. 49. 


unless the increased density and its asso- 
ciated increase in thermal conductivity 2 in- 
creased expansion pressure to a point where 
damage to the oven walls might follow. 28 

27 Russell, C. C., Koppers News, October, 1931. 

28 Audibert, E., and Delmas, L., Chimie & 
Industrie, 17, 355 (1927) ; Fuel, 6, 131, 182 
(1927). Koppers, H., and Jenkner, A., Gluck - 
auf, GG, 834-8 (1930), 67, 353 (1931); Fuel, 
10, 232-9, 273-7 (1931). Altieri, V. J., Proc. 
Am. Gas Assoc., 1935, 812-35 ; Gas Age-Record, 
7G, 49-54 (1935). Brown, W. T., Proc. Am. 
Gas Assoc., 1938, 640-78. Auvil, H. S., and 
Davis, J. D., U. S. Bur. Mines, Kept. Investiga- 
tions, 3403 (1938), 18 pp. Auvil, H. S., Davis, 
J. D., and McCartney, J. T., ibid., 3451 (1939), 
21 pp. Russell, C. C., Am. Inst. Mining Met. 
Engrs., Tech. Pub. 1118 (1939), 14 pp., Trans., 
139, 313-27 (1940). 
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In this event, preheating might successfully 
be combined with a controlled oxidation, 
as described later, to modify the plastic 
properties and eliminate excessive expan- 
sion pressures. 


which is furnished by the measurements of 
pressures developed within the plastic en- 
velope in a cylindrical retort heated on all 
sides . 29 Whether the plastic layer is con- 
tinuous or not in a full-scale oven is still a 



According to Litterscheidt , 2 ’ 18 an in- 
crease in bulk density of the coal charged 
to an oven increases the thermal conductiv- 
ity of the charge, and also the use of pre- 
heated coal increases the thickness of the 
plastic layer. This increase in thickness of 
the plastic layer may modify the heat- 
transfer process in the oven by changing 
the ratio of the amount of gas released 
from the coal side of the plastic layer to 
the amount released from the coke side. 
The gas released from the coal side con- 
tributes to the heat-transfer process by 
convection of heat to the coal. It is gen- 
erally agreed that the plastic layer is im- 
penetrable to gases, a convincing proof of 


matter of discussion, as is generally recog- 
nized in the many papers 30 on the path 

29 Reynolds, D. A., and Birge, G. W., Ind. Eng. 
Chem.j 32, 363-7 (1940). 

30 Hilgenstock, R. W., J. Gasbeleucht ., 45, 

617—21 (1902). Evans, O. B., J. Gas Lighting , 
124, 587-91 (1913). Foxwell, G. E., Gas 

World , 82, Coking Sect., 56-8, 64-5 (1925), S3, 
76-7 (1925) ; Fuel , 11, 4-19 (1932). Forster, 
W., Gas World , 82, Coking Sect., 48-52 (1925). 
Sensicle, L. H., ibid., 82, 61-3 (1925). Smith, 
T. B., ibid., 82, 10-2, 38-41, 65-6 (1925). Thau, 
A., ibid., 82, 59-60 (1925). Schmidt, T., Fuel, 
5, 486-509 (1926). Petit, T. P. E., Bet Gas, 
46, 50-1 (1926). Davies, W. E., Gas World, 
86, Coking Sect., 2-5, 12-6 (1927). Damm, P., 
and Korten, F., GluoJcauf, 67, 1339-45 (1931). 
Jager, H., Gas- u. Wasserfach , 78, 290-3, 308-12, 
332-6 (1935). Dubner, E. 3VL, Coke <£ Chem. 
( U.8.S.R . ), 6, No. 6, 24r~9 (1936). Nikol’skii, 
N. A., and Stepanenko, M. A., Khim. Tverdogo 
Topliva, 9, 28-42 (1938). 
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of flow of gases in a coke oven. It is the 
amount of gas which leaves the coal side 
of the plastic layer that determines the 
amount of heat carried by convection to 
the coal, and this may be affected by a 
change in thickness of the plastic layer. 
Investigators have not agreed on the rela- 
tive importance of conduction and convec- 
tion in coal carbonization. Burke, Schu- 
mann, and Parry 8 considered convective 
heat transfer to be negligible, whereas Fox- 
well 31 stated that nearly half of the heat 
passing into the charge does so by con- 
vection of the hot carbonization gases into 
the colder zones of the oven. 

The preceding paragraphs have pre- 
sented a brief discussion of the probable, 
and possible, effects of preheating, with 
complete removal of moisture, on the car- 
bonization process and on coking time. 
Many questions unfortunately cannot be 
answered definitely until more data on full- 
scale commercial trials are made available. 
It may, however, be stated that the prob- 
ability is great that preheating will increase 
the capacity of an oven to a greater ex- 
tent than the fraction of the total tempera- 
ture range of carbonization covered by the 
preheating process. 32 This is due not only 
to the elimination of the present need of 
removal of moisture in the coke oven, but 
also to the increased density of the dry, 
preheated charge. Again it should be 
pointed out that an increase in bulk den- 
sity may be harmful to the ovens with cer- 
tain coals owing to the development of 
excessive expansion pressures. Even though 
an increase in oven capacity may in itself 
be desirable, other considerations must also 
be taken into account. Some of the ques- 
tions to be answered are: (1) Is it more 
economical to dry and preheat coal out- 

31 Foxwell, G. E., Gas Eng ., 46, 367-8 (1929), 
47, 147-8 (1930). See also ref. 2. 

32 See also ref. 2. 
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side an oven than in the oven itself? (2) 
What difficulties may be expected in charg- 
ing dry, hot coal to an oven? (3) Will the 
preheating adversely affect the coking prop- 
erties of a coal? (4) How will the elimi- 
nation of moisture from the charge affect 
the yields and qualities of the products? 
(5) How will the change in the rate of 
heating, caused both by elimination of 
water and the decreased temperature gra- 
dient through the charge, affect the yields 
and qualities of the products? In attempt- 
ing to answer these questions from pub- 
lished data, it will be evident that the re- 
sults of different investigators are some- 
times directly contradictory. 

Koppers 17 has said that there is no heat 
economy to be gained in drying coal out- 
side the oven. Tramm, 33 on the other 
hand, claimed that if the drier has only 
the same efficiency as the oven it takes 48 
percent more heat to remove the moisture 
in the oven on account of the higher exit 
temperature from the oven. Mott, 21 in 
discussing the advantages in removing the 
water outside the oven, cited tests on a 
“Universal” drier which showed it to have 
a net thermal efficiency of 77.1 percent, as 
compared with efficiencies of 38 to 47 per- 
cent for ovens of older design, 34 58 to 68 
percent for ovens of modern design, 34 or 
65 to 75 percent for modern ovens at full 
output. 35 A more recent discussion of the 
efficiency of driers gives values up to 90 
percent net thermal efficiency 36 On the 
basis of thermal efficiency 37 alone it would, 

33 Tramm, H., Gliiclcauf , 64, 719-29 (1928). 

34 Davies, R. W., Coke O ven Managers Year- 
look 1926-7, p. 265. 

35 Baum, K., Fuel, 9, 312-37 (1930). 

36 Memo. No. 18, Utilization of Coal Commit- 
tee, Inst. Min. Engrs Fuel Eeon., 11, 150-3 
(1936). 

37 Among tlie many studies of the heat econ- 
omy of coal carbonization there may be listed: 
Stewart, E. G., Gas J ., 149, 750—5 (1920). Hol- 
lings, H., ibid., 150, 86 (1920). Chamberlin, 
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therefore, appear preferable to dry and 
preheat coal in a drier rather than in the 
oven. Relative cost of driers as compared 
to coke ovens also favors the driers. 20 Re- 
moval of moisture outside the oven should 

(1) avoid completely spalling of oven brick- 
work due to excessive moisture, 21 * 22 * 3S * 39 * 40 

(2) reduce the amount of liquor to be han- 
dled, evaporated, and to be disposed of as 
a troublesome effluent, 21 * 22 * 3S * 39 and (3) 
assure more uniform operation on fixed 
pushing schedules due to elimination of 
variation in moisture content of charge, 33 ’ 40 
all of which represent increased economies. 

Coke-oven operators generally empha- 
iize the difficulties expected from charging 
L ot dry coal to an oven. Such coal would 
be dusty and both a fire and health hazard 
and a nuisance. When charged to the 

D. S., and McGovern, E. W., Gas World, 78, 
Coking Sect., 42-4 (1923). Munster, J. K., 
Blast Furnace and Steel Plant , 11, 389-92 
(1923) ; Wilson, D. W„ Forrest, H. O., and 
Herty, C. H., Jr., Ind. Eng. Chem., 15, 251-4 
(1923). Koch, E., Gas - u. Wasserfach , 69, 
971-4 (1926). Still, K., Gliickauf 62, 453-8 
(1926) ; Hummel, K, and Oestrich, H., ibid., 
63, 1S09-17 (1927) ; Stahl u. Eisen, 4S, 73 
(1928). See Terres, E., and Wolter, H., also 
Terres, E., and Meier, M., in ref. 6. Hock, H., 
and Stuhlmann, H., Gliickauf, 64, 1445-51 

(1928). Peischer, O., Gas- u. Wasserfach, 71, 
247-52 (1928). Baum, K., Arch. Eisenhiit- 

tenw., 2, 779-94 <1929) ; Brennstoff-Chem., 11, 
47-51 (1930) ; Gliickauf, 66, 1424-39 (1930), 
68, 1-8, 40-5 (1932) ; Proc. 3rd Intern. Conf. 
Bituminous Coal, 1, 507—39 (1931). Yushin, 
V. V., Domes, 1931, No. 4/5, 66-76. Terres, E., 
and Doermann, O., Brennstoff-Chem., 13, 221-8 
(1932). Foxwell, G. E., Gas J., 208, 750-1 
(1934). Schlapfer, P., and Rohonczi, G., 
Schweiz. Ver. Gas- u. Wasserfach , Monats-Bull., 
16, 111-5 (1936). Cesari, C., Chimica , 13, 10-1 
(1937). Agroskin, A. A., Coke & Chem. ( U.S . 
S.R.), 1939, No. 2, 19-24. (See also Chapter 21.) 

38 Thwaite, A. H., and also Fieldner, A. C., 
in ref. 23. Gluud, W., and Jacobson, D. L., 
International Handbook of the Byproduct Coke 
Industry, Am. ed., Chemical Catalog Co., New 
York, 1932, pp. 161-2. 

39 Wollenweber, W., Gliickauf, 57, 987-92 

(1921). 

40 Schafer, O.. ibid., 63, 857-67, 1657-8 

(1927). 


oven it might be expected to clog the tar- 
collecting mains, and, even if it did not, it 
would increase the “free carbon” in the 
tar. These objections seem well grounded 
but might be overcome. The dust might 
be reduced by oil treatment, which itself 
is claimed to be of economic value 41 in 
coke-oven practice, either prior to the drier 
and preheater or, possibly, in the drier it- 
self. Undoubtedly mechanical systems for 
handling the hot, dry coal safely could be 
devised. Another effect of charging dry 
coal would be an increase of carbon depos- 
its on the oven brickwork. 7 * 22 

Preheating of coal has a marked effect 
on its plasticity 42 The magnitude of the 
effect depends both on the temperature 
and on the time of treatment. In some of 
the reports of experimental work, it seems 
probable that inadequate precautions were 
taken to avoid oxidation during the heating 
period. At 105° C, heat alone has no ef- 
fect, 43 although Schlapfer 44 reported an 
appreciable decrease in coking power on 
heating to 150° for 20 minutes, and, in 
some experiments, he found a complete loss 
of coking on heating to 200 to 250° for 15 
to 20 minutes. The loss in coking power 
was attributed to changes in the colloidal 
structure of the coal and not to oxidation 
since the heating was carried out in an 
atmosphere of nitrogen. On the other hand, 
it has been reported that it takes 4 J A hours 
at 350° to suppress the swelling of coal, 46 

41 Ramsburg, C. J., and McGurl, G. V., Proc. 
Am. Gas. Assoc., 1940, 666-79 ; Gas J., 233, 73-6 
(1941). 

42 Seyler, C. A., Proc. S. Wales Inst. Engr., 
47, 9-14 (1931). 

43 Longchambon, L., Compt. rend., 204, 1487-9, 
1743 (1937) ; J. usines gaz, 61, 478-9 (1937). 

44 Schlapfer, P., Schweiz. Ver. Gas-Wasser- 
fach Monats-Bull., 11, 316-29 (1931). See also 
Schlapfer, P., and Miiller, E., Eidgenoss. Mate- 
rialpriifungsanstalt E.T.H., Zurich, Ber., 55, 
1931, 47 pp. 

45 Audibert, E., and Delmas, L., Chimie & In- 
dustrie, 17, 355-66 (1927) ; Fuel, 6, 131-40, 
182-9 (1927). 
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and that effects on caking power are very 
small at low temperatures and become im- 
portant 40 only at 385°. It has also been 
reported that a Saar coal of 34.5 percent 
volatile matter preheated in nitrogen for 2 
hours at 250° had a higher coking index 
than the original coal, but that preheating 
for 20 hours at 350° or 2 hours at 400° 
destroyed the coking power completely. 47 
These investigations indicate that there is a 
safe upper temperature limit for thermal 
treatment of a coal which is subsequently 
to be carbonized and that this upper limit 
is probably above 250° C. 

The nature and amount of the different 
products of carbonization may be expected 
to be different when coal is charged to the 
oven both hot and dry owing to the absence 
of moisture itself and to the change in the 
rate of heating as indicated in the preced- 
ing paragraphs. The specific effects of 
moisture are not always easily determined. 
Water vapor is likely to act as a thermal 
shield to the volatile products obtained in 
coking, and the recovery of ammonia in- 
creases continuously with increase in mois- 
ture content of the coal carbonized. 22 ' 48 
This last fact is true even though only 
about half the so-called water of decompo- 
sition is evolved below the temperature at 
which tar first appears. 49 The reduction 
in the amount of’ liquor recovered would 
be greater than calculated from the reduc- 

46 Pieters, II., and Koopmans, H., Brennstoff- 
Chem 13, 261-4 (1032). See also Bruckner, 
H., Angcw. Chem ., 52, 671—6 (1039) ; Bunte, K., 
and Imliof, II., Gas- u. Wasserfach, 82, 805-12 
(1939) ; Ginzburg, Y. E., Coke <& Chem. ( U.S. 
8.R.), 8, No. 2/3, 43-9 (1938). 

47 Bunte, K., Bruckner, H., and Simpson, H. 
G., Fuel , 12, 222-32 (1933). 

4S Pox well, G. E., J. Bog. Chem. Ind.j 41, 114— 
25T (1922). Greenwood, H. D., Gas J 161, 
750-1 (1923). Bernstein, E., and Seelkopf, K, 
Brennstojf-Che m., 10, 357-9 (1929). Seelkopf, 
K., Gluckauf , 00, 989-93, 1029-36 (1930). 

49 Li'tszld, E., Brennstoff-Chem.j 6, 221—4 

(1925). See also Ran, O., and Lambris, G., J. 
Gasleleucht 56, 533-7, 557-64, 589-91 (1913). 
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tion in moisture in an amount dependent 
on the temperature of pretreatment, and 
the concentration of ammonia in the liquor 
somewhat less than calculated owing to the 
shielding effect of water vapor on the yield 
of ammonia. The effect of moisture on the 
yield of tar is probably small: Foxwell 22 
gave data showing an increase in yield 
from 3.38 to 3.9 percent as the moisture 
content of the coal increased from zero 
to 17 percent in agreement with the ob- 
servation of Seelkopf 48 but in disagree- 
ment with other data in the literature. 50 
Similar lack of accord is found with regard 
to the yield of benzene. 51 Seelkopf 48 
stated that the pitch content of the tar 
decreases with increasing moisture in the 
coal, probably indicating again the action 
of water as a thermal shield. The coke 
yield decreases 22 slightly as the moisture 
in the charge increases, is very reactive if 
much hygroscopic moisture is present, 22 
and may be softer with dry coal than 
with undried coal. 20 The decrease in coke 
yield has been attributed to the action of 
the water vapor on the incandescent 
coke, 22 ’ 51 ' 52 and therefore a small decrease 
in gas yield would be expected on coking 
dried coal. 

All the effects attributed in the preceding 
paragraph to moisture, with the exception 
of those referring to liquor and ammonia, 
may be counteracted or accentuated by 
changes in the rate of heating to the final 
carbonization temperature, either during or 
after the thermal pretreatment of the coal. 
Others, besides Parr, 4 have recognized the 
importance of the rate of heating through 
the preplastic range on the subsequent re- 

50 Agde, G., and Hubertus, R., Braunkohle > 31, 
675-80 (1932). Dorofeev, D. S., et al., Coke & 
Chem . (U.8.S.R.), 7, No. 3, 28-32 (1937). 

51 Cf. Bornstein, E., and Seelkopf, K., in ref. 
48, with Dorofeev, D. S., in ref. 50. 

52 Foxwell, G. E., Gas J., 208, 750-1 (1934). 
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actions. 53 The data of Warren show, for 
example, that the yields of gas, tar, and 
coke are determined almost entirely by the 
rate of heating through the preplastic range. 
From the previous discussion it seems prob- 
able that preheating, combined with drying 
outside the oven, would mean a slower rate 
of heating over both the range from 100° 
to the upper limit of the thermal treatment 
and the range from this upper limit to the 
final pushing temperature, the decrease in 
coking time being due solely to elimination 
of the long soaking period at the boiling 
point of water. It might, however, be pos- 
sible to schedule the pretreatment in such a 
way that the rate of heating in this tem- 
perature range would be more rapid than 
normal in a coke oven. Although the ef- 
fect of rate of heating on the coking proc- 
ess is discussed in detail in Chapter 22, a 
brief resume of some of the results is nec- 
essary here to evaluate the possible value 
of thermal pretreatment of coal for car- 
bonization. 

The work of Warren 53 included rates of 
heating from 0.7 to 21.8° per minute for 
three “bright” coals — Illinois No. 6, 33.9 
percent volatile matter, 54 Pittsburgh, 33.6 
percent, and Pocahontas No. 3, 15.3 per- 
cent — and one “dull” coal — High Splint, 
36.4 percent volatile matter. The effect of 
rate on yields was found to be proportional 
to the logarithm of the rate, i.e., doubling 
or halving the rate changed the yields by 
an amount independent of the rate itself, 
and also to be greater for low-rank than 
for high-rank coals and for “bright” than 
for “dull” coals. For the Pittsburgh Seam 
coal, at 1,000° final temperature, an in- 
crease in rate from 1 to 2° per minute in- 
creased the tar yield from 3.8 to 4.5 per- 

53 Swietoslawski, W., Chorazy, M., and Roga, 
B., Prstemyel Chem., 17, 25-33 (1933). Warren, 
Wm. B., Ind. Eng. Chern 27, 72-7, 1350-4 
(1935), 30, 136-41 (1938). 

54 As received basis. 


cent and decreased the gas yield from 15.1 
to 14.9 percent and the coke yield from 
73.2 to 72.7 percent. 55 Doubling the rate 
of heating, from 1 to 2° per minute, in- 
creased the coke hardness of the Illinois 
coal about 13 percent, decreased the coke 
hardness of the Pittsburgh Seam coal about 
12 percent, and did not affect the hardness 
of the other two coals. Mott and 
Wheeler 56 have reported that there is an 
optimum rate of heating for each coal to 
obtain maximum resistance to shatter and 
that very slow heating has a more adverse 
effect on coke strength than very rapid 
heating. However, since, in their work, the 
rate of heating was changed by changes in 
oven flue temperatures, the apparent effect 
of rate of heating may be due partially to 
temperature effects. Shimmura 57 has 
found that the cell structure of cokes pre- 
pared at slow rates of heating is more uni- 
form than that of those prepared at high 
rates. It has been reported 58 that Assur- 
ing of coke is reduced by slow heating up 
to about 600° followed by an increased rate 
of heating above about 700°. Another 
property of coke affected by rate of heat- 
ing is reactivity, which increases to a maxi- 
mum and then decreases as the carboniza- 
tion rate is increased. 59 These various in- 
vestigations would suggest that the yields 
of gas, tar, and coke obtained from pre- 
heated coal would not be very different 

55 Cf. Evans, E. V., Colliery Guardian, 127, 
737-8, 797-8, S63-4 (1924). Bartling, F., 

Braunkohle, 30, 348-55 (1931). Jappelt, A., and 
Steinmann, A., Oel, Kohle , Erdoel , Tear , 13, 
1027—30, 1150-6 (1937) ; Braunlcohlenarch ,, No. 
48, 22-7 (1937). 

50 Mott, R. A., and Wheeler, R. V., The Qual- 
ity of Coke , Chapman and Hall, London, 1939, 
pp. 389-404. 

57 Shimmura, T., J. Fuel Soc. Japan , 9, 1183- 
98 (1930). 

58 Pashkevich, A. Z., Coke & Ohem. ( U.S.S.R . ), 
G, No. 8, 37-43 (1936). Eorofeev, D. S., ibid., 
9, No. 6, 21-5 (1939). 

59 Muller, W. J., and Jandl, E., Brennstoff - 
Chem 14, 341-7 (1933). 
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from those from the nontreated coal, ow- 
ing to the changes in rate of heating that 
might normally be caused by the use of 
the preheated coal ; the coke might be more 
uniform in structure and possibly of slightly 
greater strength. 

If the difficulties and hazards of charg- 
ing hot, dry coal to an oven can be over- 
come satisfactorily, preheating coal for car- 
bonization should: 60 

1. Increase the capacity of an oven to a 
greater extent than represented by the de- 
crease in the total temperature interval 
traversed in the thermal pretreatment. 
(The decrease in coking time of the heated 
charge is not due to making use of exo- 
thermic heats of distillation but primarily 
to removal of moisture. The removal of 
moisture decreases the heat requirement for 
the charge and also increases the bulk dens- 
ity of the charge — a disadvantageous effect 
with expanding coals.) 

2. Improve the economy of the carboni- 
zation process. (It is more economical, 
both from the standpoint of thermal effi- 
ciency and from that of fixed charges, to 
dry and preheat coal in separate equip- 
ment. 

3. Reduce the amount of liquor to be 
handled, evaporated, and disposed of as a 
troublesome effluent. 

4. Not significantly affect the yields of 
gas, tar, or coke. (The coke should be 
more uniform in cell structure and strength 
and might be of improved quality. The 
yield of ammonia would probably be de- 
creased.) 

Pretreatment with Oxidation 

The changes in caking properties which 
coals undergo on storage as the result of 

eo See also Powell, A. R., Mech. Eng., 4G, 
389-94 (1924). Roszalr, C., Bull. soc. ing. civ. 
France, 81, 1093 ff (1928). Vol’fson, B. N. f 
Coke & Chem. (U.S.QR.), 7, No. 9, 25-8 (1937). 
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oxidation at atmospheric temperatures 
have been discussed in Chapter 18 and will 
not be reconsidered here. The changes that 
take place at low temperatures may be ac- 
celerated by raising the temperature of the 
oxidation process. Several proposals for a 
combined thermal pretreatment and oxi- 
dation at elevated temperatures, particu- 
larly for low-temperature carbonization 
processes, have been made. In the “Car- 
bolux” and “Anthracoke” processes 61 only 
a portion of the charge is so treated, which 
is then used as an “inert” filler for the un- 
treated coal. The charge for the “Carbo- 
cite” or “Wisner” process, 62 used by the 
Pittsburgh Coal Carbonization Company, 
is subjected in its entirety to the “thermo- 
dizing” treatment. In the Carbolux proc- 
ess the charge is heated in narrow, about 
12-inch, ovens of the Koppers type with a 
flue temperature of about 850°, giving a 
final coke temperature of about 700°. The 
filler is preheated in rotary driers. The 
Wisner process, on the other hand, carries 
out the final carbonization in a rotary re- 
tort with a maximum temperature of the 
external heating gas of 560° and discharges 
the coke at about 430° C. The cokes made 
in both processes are very reactive. In- 
sufficient data are available in the literature 
cited to draw definite conclusions regard- 
ing the influence of the combined thermal 
and oxidation pretreatments on the byp rod- 

61 Koppers, H., J. Inst. Fuel, 7, 13-28 (1933). 
Fitz, W,, Bren?istoff-Che?n., 16, 345-9 (1935). 
Ludwig, G., Arch. Wdrmewirt., 18, 77-8 (1937). 
Deshalit, G. I., and Berman, L. N. f Khim. Tver - 
t logo Topliva, S, 683-92 (1937). 

62 Wisner, C. B., Proc. 1st Intern. Conf. BU 

tuminous Coal , 1, 800-6 (1926). Brownlie, D., 
Trans. Inst. Mining Engrs. (London), 71, 181- 
239 (1926). Allen, W. H., Jr., Proc. 2nd Intern. 
Conf. Bituminous Coal, 1, 403-12 (1928). 

Lesher, C. E., and Archer, A. A., Chem. & Met. 
Eng., 46, 343-7 (1939). Lesher, C. E., and 
Zimmerman, R. E., Coal Age, 44, No. 3, 45-9 
(1939). Lesher, C. E., Trans. Am. Inst. Mining 
Met. Engrs., 139, 328-63 (1940). 
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uets obtained in comparison with those 
from the untreated coals. 

Preoxidation of coal at elevated temper- 
atures not only changes the coking or ag- 
glutinating power of coals but also pro- 
foundly affects both the yield and qualities 
of the products obtained on subsequent 
carbonization. 63 Most of the detailed study 
of Reilly and his associates 63 was on a 
Durham coal of 33 percent volatile mat- 
ter. This coal did not completely lose its 
caking power after heating for 2 hours at 
300° C. Samples of coal were heated at 
185° in a closed system in a current of 
oxygen, from which the carbon dioxide, 
carbon monoxide, and water were removed 
and determined, for periods of time rang- 
ing from 0.5 to 115 hours. The total oxy- 
gen used, on the basis of the dry coal, 
ranged from 1.18 to 47.15 percent, although 
the increase in weight ranged only from 

O. 32 to 4.37 percent. 

These preoxidized coals were subjected 
to distillation at 600° and the products ex- 
amined. The yield of gas was a linear 

63 Kattwinkel, R., Gliiclcauf , 63, 160-5 (1927). 
Donnelly, J. T., Foott, C. H., Nielsen, H., and 
Reilly, J„ J. Soc. CJiem. Ind., 47, 1-4T, 189-92T 
(1928). Donnelly, J. T., Poott, C. H., Nielsen, H., 
and Reilly, J., ibid., 47, 139-42T (1928). Bar- 
rett, W. J., Foott, C. H., and Reilly, J., ibid., 
47, 142—3T (1928). Donnelly, J. T., Foott, C. 
H., and Reilly, J., ibid., 48, 38-40T, 101-5T 
(1929). Rose, H. J., and Sebastian, J. J. S., 
Trans. Am. Inst. Mining Met. Engrs., S8, 556-84 
(1930) ; Fuel, 11, 284-97 (1932). Wheeler, R. 
V., and Woolliouse, T. G. } Proc. 3rd Intern. 
Conf. Bituminous Coals, 1, 406-35 (1931). Le- 
graye, M., Chimie <& industrie, 25, 18-21 (1931). 
Pieters, H., and Koopmans, H., Brennstoff-Chem., 
13, 261-4 (1932). Shimomura, K., J. Fuel Soc. 
Japan, 12, 27-30 (1938). Jappelt, A., and 

Steinmann, A., Oel, Kohle, Erdoel, Peer, 13, 
1027-30, 1150-6 (1937). Jenkner, A., Kuhlwein, 

P. L., and Hoffmann, E., Gluckauf, 73, 213-9, 
240-6 (1937). Fieldner, A. C., Davis, J. D., et 
al., U. S. Bur. Mines , Tech. Papers 594, 43 pp., 
596, 46 pp., 599, 38 pp., 601, 45 pp. (1939). 
Schmidt, L. D., and Elder, J. L., Ind. Eng. 
Chem., 32, 249-56 (1940). Schmidt, L. D., 
Elder, J. L., and Davis, J. D., ibid., 32, 548-55 
(1940). 


function of the oxygen used; it increased 
from 2.65 to 17.47 percent by weight of 
dry, untreated coal, the first figure refer- 
ring to the yield from the unoxidized sam- 
ple. The concentration of carbon dioxide 
and carbon monoxide in the gas increased 
markedly while that of hydrogen and hy- 
drocarbons decreased. The gas from the 
untreated coal contained more carbon mon- 
oxide than dioxide, but when 20 percent 
oxygen had been used their percentages be- 
came equal and further oxidation increased 
the content of the dioxide more than that 
of the monoxide. The water evolved in- 
creased from 3.25 to 5.2 percent after 13.2 
percent oxygen had been used and then 
remained constant. The coke yield in- 
creased from 77.2 to a maximum of 81.8 
percent when about 20 percent oxygen had 
been used and then decreased to 79.7 per- 
cent. The hydrogen content of the coke 
remained substantially constant; the car- 
bon content increased to a maximum at 
about 10 percent oxygen used and then 
decreased; and the oxygen content (in- 
cluding sulfur and nitrogen) remained con- 
stant at 9 percent until 13.2 percent oxy- 
gen had been used and then increased to 
12.9 percent. The coke was very weak in 
structure after more than 6.44 percent oxy- 
gen was used in the preoxidation, corre- 
sponding to an increase in the weight of 
the coal carbonized of 1.69 percent. 

As the oxidation progressed the temper- 
ature of first appearance of tar increased 
from 390 to 440°, and the yield of tar de- 
creased continuously but not linearly with 
total oxygen used from 17.2 to 3.3 percent. 
Since the amount of tar obtained in these 
studies was too small for detailed examina- 
tion, three larger lots (700 to 800 grams) 
were oxidized until 21,9, 25.3, and 33.5 per- 
cent oxygen had been used. The yield of 
tar, when these larger samples were car- 
bonized to 600°, was smaller, ranging from 
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10.7 to 2.1 percent. Tar acids decreased 
from 2.3S to 0.15 percent, tar bases from 
0.44 to 0.07 percent, the fraction boiling 
below 120° from 2.01 to 0.73 percent, and 
the higher-boiling fraction from 9.21 to 
1.35 percent. It is unfortunate that sam- 
ples of tar were not obtained from coal 
with less drastic oxidation, such, for ex- 
ample, as might be expected in the “ther- 
modizing” pretreatment of the Wisner proc- 
ess. The work is valuable in showing in de- 
tail the progressive changes oxidation causes 
on subsequent carbonization, though the 
data were obtained for only one coal. 

Studies similar to those of Reilly and as- 
sociates have been reported by Davis 63 
and coworkers on seven American coals 
ranging from 39.6 to 1S.0 percent in vola- 
tile matter, on a mineral-matter- and mois- 
ture-free basis. In this work the oxidation 
was carried out largely at 99.3° C and, in 
general, only until 1.5 to 2.5 percent of 
oxygen by weight of the dry, mineral-mat- 
ter-free coal had been consumed. The car- 
bonizations were carried out at 800° in 
cylindrical retorts holding 80 kilograms of 
crushed coal following the BM-AGA meth- 
od 25 and in some cases in a smaller retort 
with a byproduct recovery train. 64 

For all the coals tested the yields of tar 
decreased rapidly with oxidation, the aver- 
age decrease for 1 percent oxygen consumed 
being 16 percent of the average yield. The 
decrease in tar yield appeared to be the 
most sensitive property for indicating the 
extent of oxidation of the coals. In agree- 
ment with the work of Reilly it was found 
for four of the coals that the yield of tar 
acids decreased more rapidly with oxidation 
than the yield of tar. The yield of total 
aromatics in tar and light oil decreased 
more slowly with the oxidation of each coal 
than the yield of tar plus light oil. Where 

64 Schmidt, L. D., Elder, J. L., and Davis, J. 
D., Ind. Eng. Chem 28, 1346-53 (1936). 
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the yield of naphthalene and anthracene 
was low from fresh coal, oxidation increased 
the yield rapidly, and, where the yield from 
fresh coal was high, oxidation decreased it. 
In general, the tars made from oxidized 
coals tended to show a somewhat increased 
content of pitch. 

Except for the highest-rank coal, the 
yield of gas increased approximately pro- 
portionally to the amount of oxygen con- 
sumed; the increase was not large and was 
attributed to increased evolution of oxides 
of carbon, chiefly the dioxide. The yields 
of liquor increased rapidly with oxidation 
of the coals, the rate of increase being par- 
ticularly great for the higher-rank coals. 
Yields of ammonia showed a definite in- 
crease with oxidation of all but one coal. 

For each percent oxygen consumed, the 
yield of coke increased about 0.3 percent 
of its average yield. In general, the coke 
from coals slightly oxidized had smaller 
pores or finer structure, but further oxi- 
dation resulted in poor fusion or pebbly 
coke in which the outlines of the original 
coal particles could be seen. For all the 
coals tested, oxidation increased the appar- 
ent specific gravity of the coke formed. 
Coke strength as measured by tumbler and 
shatter tests increased slightly to a critical 
value and then decreased rapidly with fur- 
ther oxidation. It was found that the sum 
of the oxygen in the fresh coal plus the 
amount of oxygen consumed in decreasing 
by 20 percent the hardness (percent re- 
tained on 0.25-inch screen after the tumbler 
test) of the coke was linearly related to, 
and increased with, the percentage of vola- 
tile matter of the coal on a dry, mineral- 
matter-free basis. 

From the above discussion, thermal pre- 
treatment combined with oxidation of a 
coal may, under controlled conditions, be 
used to modify its caking properties and, 
if the oxidation is not carried beyond a 
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critical, and generally small, amount, an 
improvement in quality of the coke may 
be achieved. The yield of coke and gas 
would be somewhat greater and the yield 
of tar somewhat less than obtained from 
carbonization of unoxidized coal. The in- 
creased yield of gas would be chiefly carbon 


dioxide, which would both increase the gas 
density and decrease its heating value. 
The “thermodizing” of coal has not had 
wide adoption in the carbonization indus- 
try but is used commercially in the proc- 
esses referred to in the first paragraph of 
this section. 
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For many years about 15 percent of the 
total annual coal production of the nation 
has been coked. Most of the coke pro- 
duced is used in blast furnaces for the 
production of pig iron, but the proportion 
of the tonnage so used steadily declined 
from World War I to 1938; in 1940, how- 
ever, it represented 74.5 percent of the 
total production. The remainder was used 
as foundry coke, for smelting the nonfer- 
rous metals, in the manufacture of water 
gas, in miscellaneous other industrial uses, 
and in domestic heating. Additional data 
are shown in the annual reviews published 
by the United States Bureau of Mines, 
some of which are given in Table I. 1 In 
addition to coke from coal produced in 
beehive and byproduct ovens, nearly con- 
stant quantities of gas-house coke, about 
750,000 tons in 1940, and about 1,500,000 
tons of petroleum coke were also produced 
in 1940. 

It is evident that the blast furnace is still 
the most important single consumer of car- 
bonized fuel, but other uses, especially as 
a smokeless household fuel, are becoming 
of considerable importance. Although the 
quality of coke is of fundamental impor- 
tance for its use in blast furnaces and the 
foundry cupola, it is less significant for 

l Shore, F. M., Otero, M. M., and Cooke, M. 
F., Minerals Yearbook, Review of 19^0, U. S. 
Bur. Mines, 1941, pp. 855-902. 


other purposes; thus, as the latter grow 
by comparison with the former, it is quite 
possible that emphasis on the characteris- 
tics of the coke may become less pro- 
nounced. It appears to be true that it is 
only in those applications in which the 
quality of a material of commerce, such as 
pig or cast iron, is directly affected by the 
quality of the coke, that much stress is 
laid on this characteristic; where coke 
quality affects merely the efficiency and, 
hence, a portion of the cost of operation, 
it tends to be subordinated to considera- 
tions of price. 

In general, quality testing is a practice 
of long standing in the coke-using trades. 
The A.S.T.M. specification for foundry 
coke dates back to 1916, making it, with 
the method for sampling coal, the oldest 
standard included in the 1938 Edition of 
Standards on Coal and Coke. There has 
been great activity in the elaboration of 
tests for the various properties of coke 
that have, at one time or another, been 
considered to be important; although a few 
tests have been standardized and employed 
extensively enough in the standard forms 
so that they may be classed as accepted, 
many of the properties may be evaluated 
by, literally, dozens of methods. In the 
first class is the shatter test, and to a 
smaller degree the tumbler test, as used 
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in the United States and Great Britain. 
In the second class are such tests as re- 
activity, true and apparent density, com- 
bustibility, adsorptivity, electrical conduc- 
tivity, and compression strength. Many of 
these tests are of rather doubtful signifi- 
cance ; some may be of the first importance 
for single uses but of no value for any 
other purpose; still others appear to be 
merely duplicate methods for the deter- 
mination of significant properties that may 
be measured directly in other ways. It will 
appear that adequate tests are available 
for almost every physical characteristic of 
coke that can be imagined; but the sig- 
nificance of the various properties for spe- 
cific purposes and their dependence on the 
characteristics of the coal and the car- 
bonizing process employed are not gener- 
ally recognized. Apparently, the most 
urgent present need is for the correlation 
of the results of tests made by the vari- 
ous available methods on well-characterized 
cokes with the results of operations in 
which these cokes are utilized. Such cor- 
relation may be expected to show which 
properties of coke are significant and which 
are of no importance for any particular 
application. 

Blast-Furnace and Foundry Coke 

In order to estimate the suitability of 
a coke for its use in the blast furnace or 
cupola it is necessary first to set up cri- 
teria defining satisfactory performance. 
Such criteria are furnished by the common 
operating characteristics: (1) the rate of 
production attainable in, say, tons of iron 
per hour, day, or week; (2) the economy 
of operation, given by the coke rate of a 
blast furnace in pounds of coke per ton 
of iron produced; and (3) the quality of 
the product, which is usually given by the 
analysis of the iron and, sometimes, the 
iron temperature. Additional criteria may 
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be added to this list to suit the circum- 
stances, but once the operating criteria 
are known and accepted, the suitability of 
any coke should be considered only on the 
basis of its effect on the recognized criteria. 
Too often, in this as in other fuel-using 
processes, a particular fuel has been con- 
demned merely because it led to a condi- 
tion unfamiliar to the operator, not because 
it actually made any perceptible change in 
the criteria of operation. It is desirable, 
then, to determine whether any correlation 
exists between the criteria of operation 
listed above and the quality of the coke 
as determined by the values of measurable 
quantities characterizing its physical prop- 
erties. 

The quantities to be considered may be 
classified into three groups: in the first 
are the criteria of the quality of operation 
mentioned above, which may be consid- 
ered to be the dependent variables of the 
problem. It is desirable to discover their 
dependence on quantities of the second 
group, the physical properties of the coke, 
which may be controlled as such, and 
which, therefore, may be considered inde- 
pendent variables. But, in addition to 
these two groups, there is a host of other 
quantities which from one point of view 
may be considered as dependent variables, 
but from another behave like independent 
variables since their changes cause changes 
in the values of the dependent variables. 
Though there may be a functional relation 
between the dependent and the independ- 
ent variables, this relation is not direct, but 
comes about by the influence of the inde- 
pendent variables on those of this third 
group which, in turn, control the depend- 
ent variables directly. Thus, the variables 
of the third group may be called the “in- 
termediate” variables; or, since they are 
those, such as temperature, temperature 
distribution, and void volume of the stock 


column, which are commonly controlled in 
laboratory, though not in practical inves- 
tigations, they may also be classified as 
“fundamental” ones. Their changes are 
not of immediate interest in themselves but 
merely as indicators of the mechanism by 
which a change in the independent vari- 
ables effects a change in the dependent ones. 

It may be possible to predict the overall 
change in the product from the results of 
laboratory investigations, if the changes in 
all the “intermediate” variables resulting 
from a given change in the independent 
variables are known. This condition, how- 
ever, is seldom satisfied in the observation 
of commercial processes, so that it may be 
more economical to suspend observation of 
the intermediate variables and observe the 
effect of changes in the controllable quanti- 
ties on the overall operation. It should 
be noted that the classification given above 
is not absolute; thus, though the temper- 
ature is mentioned as one of the interme- 
diate variables, the temperature at a given 
point, as for instance that of the iron at 
tapping, may be one of the criteria of op- 
eration, that is, one of the dependent vari- 
ables. 

The correct evaluation of blast-furnace 
coke is still an unsolved problem . 2 It has 
been said that this is not because the blast- 
furnace manager does not know exactly the 
type of coke he wants, but rather that no 
definite specification exists which will de- 
fine exactly the properties he requires . 3 
Although shatter and tumbler tests are 
made regularly in many plants, the short- 
comings of such tests are well recognized . 2 

Variations in the silicon and sulfur con- 
tents of the iron occur without any known 

2 Joseph, T. L., Blast Furnace Steel Plant , 
26, 47-52 (1938), especially p. 49. 

3 Evans, E. C., G-as Worlds 84, Coking Sect., 
6-11 (1926). See also Nicol, E. W. L., Cohe and 
It 8 Uses , Benn Bros., London, 1923, 134 pp. 
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change in practice or materials both in 
blast-furnace and foundry plants. This in- 
dicates that the processes considered are 
not “controlled; ” 4 so that variations in the 
quality of the product 'may occur from no 
known cause even when practice apparently 
remains the same. That this is indeed true 
for some coke-oven plants, at least, is con- 
firmed by the analysis of data from a cer- 
tain plant 5 where the resistance of the 
coke to shatter took on three different 
values in different portions of a 6-month 
period during which no change of practice 
was known to have occurred. 

In the regular operation of blast furnaces, 
“Johnson's critical temperature theory, or 
the concept that the temperature attained 
in the crucible is of paramount importance, 
seems to fit the known facts of practice 
best. In the operation of furnaces day in 
land day out * ■ • operators adjust the bur- 
Iden to meet silicon and sulfur require- 
ments.” 6 Thus, if the silicon and sulfur 
contents of the iron are determined by the 
basicity of the slag and the crucible tem- 
perature, the desired metal specification 
will be met by adjusting the burden to 
give the proper iron temperature when op- 
erating with a more or less constant slag. 
That this is so is shown by data from sev- 
eral hundred casts 7 and by work on foun- 
dry cupolas 8 showing that the quantity 
(C -f 0.3 Si) is nearly a linear function of 
hearth temperature. The chemical reac- 
tions leading to this dependence of iron 

4 Shewliart, W. A., Economic Control of 
Quality of Ma?iufactured Product , D. Van 
Nostrand, New York, 1931, pp. 1-7. 

5 Unpublished data. Work in progress in the 
Coal Research Laboratory. 

6 Joseph, T. L., Blast Furnace Steel Plants 
27, 60-6, 175-9 (1989). 

7 Joseph, T. L., Trans . Am. Inst. Mining Met. 
Engrs 125, 204-45 (1937). 

8 Johnson, H. V., and MaeKenzie, J. T., 
Trans . Am. Foundrymen’s Assoc., 44, 178-90 
(1936). 


analysis on hearth temperature are known ; 
in fact, the equilibrium constants for many 
of them have been calculated, 9 and they 
show such variations with temperature that 
the changes noted above may be under- 
stood as approaches to the equilibrium con- 
centrations. This leads to the conclusion 
that only such properties of the coke will 
be important in determining the quality 
of the iron as affect the temperature in the 
crucible. This, of course, does not mean 
that such characteristics as the ash con- 
tent and composition need not be con- 
trolled; even though it is true that the 
burden can be adjusted so that any ash 
will enter the slag to give a product of the 
desired basicity, and enough coke can be 
fired to give the required temperature re- 
gardless of its carbon content, these ad- 
justments cannot be made to match ran- 
dom or sudden fluctuations, so that it is 
essential that the ash content and cpmposi- 
tion vary only slowly. 10 

The temperature in the crucible of the 
blast furnace or in the hearth of the cu- 
pola is greatly dependent on the tempera- 
ture attained as the result of combustion 
at the tuyeres, but it may also be in- 
fluenced by the thermal conductivity of the 
slag and the magnitude of heat losses from 
the hearth. Though the literature holds 
little information on this point, in one re- 
port 11 there was an increase in tempera- 
ture of 100° C from the first iron tapped, 
i.e., that from the bottom of the crucible, 
to the last, and the slag was said to be 
about 50° hotter still. Similarly, Kinney, 
Royster, and Joseph 12 found that, at the 

9 Darken, L. S., Trans. Am. Inst. Mining Met. 
Engrs., 140, 204-21 (1940). 

10 Gill, C. S., J. Iron Steel Inst. (London), 
116, 91-7 (1927). 

11 Bobm, 1., J. Iron Steel Inst. (London), 116, 
83-7 (1927), especially p. 85. 

12 Kinney, S. P., Royster, P. H., and Joseph, 
T. L., U. S. Bur. Mines , Tech. Paper 301 (1927), 
65 pp. 
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level of the tuyeres, the temperature varied 
from 1,530° at the inwall to 1,250° at the 
center of the plane; the temperature of the 
slag was 1,409°, and that of the metal 
(average?) was 1,385° C. 

On the assumption that the combustion 
temperature was the important variable, 
however, and in the belief that the com- 
bustion temperature increased with the re- 
activity of the coke, there has been, since 
1921, a search for a correlation of coke re- 
activity with iron quality and the rate of 
iron production, 13 along with a demand by 
some blast-furnace operators for a reactive 
coke. The belief that combustion temper- 
ature increases with coke reactivity, how- 
ever, is in error, because in the blast fur- 
nace, where the fuel is burned to carbon 
monoxide within a very short distance of 
the tuyeres, 12 only the heat of combustion 
of carbon to carbon monoxide is available, 
and this is independent of the reactivity of 
the coke. If, however, the maximum tem- 
perature attained anywhere in the combus- 
tion zone is the significant quantity, un- 
reactive coke is to be preferred to reactive 
coke, since, as found in cupola investiga- 
tions, 14 * 15 the maximum temperature at- 
tained increases with a decrease in the re- 
activity of the coke. This results also 
from theoretical considerations, 16 from 
which it may be deduced that the maxi- 
mum temperature is higher the greater the 
ratio of the rate of the reaction C + 0 2 = 
C0 2 to the rate of the reaction C + C0 2 = 
2CO. At the temperature of the hearth, 
the rate of the first reaction may be ex- 

13 Koppers, II., Stahl u. Eisen, 41, 1173-81, 
1254-62 (1921). 

14 Braunholtz, W. T. K., Nave, G. M., and 
Briscoe, H. V. A., Fuel, 8, 428-37 (1929). 

is Blayden, H. E., Noble, W., and Eiley, H. L., 
J. Iron Steel Inst. ( London ), 130, 25-44P 
(1937). 

16 Mayers, M. A., Trans. Am. Soc. Mech. 
Engrs 59, 279-88 (1937). 


pected to be independent of any chemical 
characteristic of the coke, 17 whereas that 
of the second might still be increased by 
an increase in coke reactivity, thus leading 
to a smaller value of their ratio and hence 
a lower maximum temperature. Finally, 
it has been shown that the volume of the 
combustion zone in the blast furnace de- 
pends only on the size of the coke and on 
the velocity of the blast, 12 * 18 so that, ap- 
parently, the combustibility or reactivity 
of the coke does not materially affect the 
course of the combustion reactions, sug- 
gesting that it may not affect the tempera- 
ture in the hearth. On the other hand, the 
conclusion that high hearth temperature is 
favored by the use of unreactive coke is 
supported by Melzer, 19 who found that the 
frequency of casts having low silicon from 
blast furnaces making merchant iron in- 
creased when the reactivity increased as in- 
dicated by a drop in ignition temperature. 

Apparently the demand for a reactive 
coke is based not only on the desire for 
high hearth temperatures but also on the 
need for some property, usually referred 
to as easy combustibility, which deter- 
mines the rate at which the furnace melts 
iron by determining the rate at which the 
blast can be supplied. When the increase 
in blast pressure required to produce a 
given increase in rate of blast is large, it 
is said that the coke is hard to burn, or 
difficulty is encountered due to hanging or 
slips; where it is low, the furnace is said 
to “take the air easily” and the coke is 
said to be easily combustible. Obviously, 
such behavior as this is in no way related 
to the chemical reactivity of the coke but 
depends on the permeability of the stock 

17 Mayers, M. A., Trans. Am. Inst. Mining 
Met. Engrs., 130, 408-24 (1938). 

is Perrott, G. St. J., and Kinney, S. P., ibid., 
69, 543-84 (1923). 

19 Melzer, W., GliicTcau 66, 1565-76 (1930). 
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column to gas flow. So far as this depends 
on the coke alone, the permeability will be 
increased by an increase in the void volume 
of a bed of the coke, which, in turn, is 
increased by uniformity of size of the coke 
and by irregularity of the shapes of the 
pieces. 

Thus, the question of combustibility ap- 
pears to be one, not of the chemical nature 
of the coke, but of its physical properties; 
more especially, of such structural proper- 
ties as shape, size, and resistance to shat- 
tering and abrasion. This conclusion is 
supported by the results of tests on a blast- 
furnace plant, 20 which showed that a sav- 
ing of about 4.5 percent in the coke sup- 
plied to the plant could be secured by 
removing the breeze below 1% inch from 
the coke supplied to it. This permitted a 
decrease in coke charged to the furnaces 
of nearly 10 percent with the net saving 
quoted above, allowed an increase in blast 
temperature of more than 100°, and made 
for more regular operation of the furnace. 
The removal of breeze decreased the size 
range of the coke supplied to the furnaces, 
thus increasing the volume of voids in the 
stock column and, hence, its permeability. 
Moreover, foundry trials 14 * 21 have shown 
that equally good performance can be ob- 
tained with cokes of different sizes pro- 
vided that the sizing is close, so that high 
permeability of the bed is retained. On 
the other hand, Bowers and MacKenzie 22 
have shown that coke size may have spe- 
cific effects on cast-iron analysis, and it ap- 
pears that the permissible variations in 
coke size for any cupola are limited by the 

20 Marshall, D. F., and Wheeler, It. V., J. Iron 
Steel Inst. (London), 127, 87-113 (1933). 

21 Wagner, A., StaJil u. Eisen, 45, 929-35 
(1925). Hollinderbaumer, W., Giesserei , 22, 73-5 
(1935). 

22 Bowers, J. A., and MacKenzie, J. T., Trans. 
Am. Foundrymen f s Assoc., 45, 293-319 (1937). 


cupola diameter and the operating prac- 
tice. 14 * 23 

It is evident that, so far as the reactions 
in the hearth are concerned, the permea- 
bility of the stock column to gas flow is 
the most important characteristic since it 
determines the possible rate of air flow 
through the tuyeres for a constant blast 
pressure. The question arises whether the 
reactions in the upper part, of the column 
place any additional demands upon the 
coke beyond those required to produce an 
open bed. It has been shown 12 > 24 * 25 that, 
in moderately rated furnaces, a large por- 
tion of the reduction of the ore takes place 
at levels in the stack above the bosh where 
the temperature is not above 850° C. At 
temperatures below this, the rate of the re- 
action C + C0 2 = 2CO is very small, and 
even a doubling of the reactivity of the 
coke would have only a small effect on the 
gas composition; in fact, at somewhat 
higher levels and lower temperatures the 
reaction actually is reversed, with the dep- 
osition of carbon. 12 * 26 Moreover, from 
this level downward, the temperature in- 
creases very rapidly, so that the region at 
temperatures between 850° and 1,100° is 
rather small. This region, however, is the 
only part of the column in which a differ- 
ence in coke reactivity can make any ap- 
preciable difference in the gas composition, 
since above 1,100° the reaction rate is lim- 
ited by physical factors and does not de- 
pend on the reactivity of the coke. Hence, 
the most that any coke can do is to supply 
a gas containing a negligible amount of car- 

23 Muleahy, B. P., Fuel , 18, 100-9 (1939). 

24 Kinney, S. P., V. S. Bur. Mines, Tech. 
Paper 397 (1926), 22 pp. ; Bone, W. A., et al., 
Iron Steel Inst. (London), Special Rept. 18 
(1937), 98 pp. 

25 Kinney, S. P., XJ. S. Bur. Mines, Tech. 
Paper 459 (1930), 92 pp. 

26Wiist, F., J. Iron Steel Inst. (London), 116, 
65-77 (1927). 
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bon dioxide at the 850° level; the gas com- 
position at higher levels cannot be mate- 
rially influenced by the reactivity of the 
coke. If, however, almost all the reduction 
has already taken place by the time the 
stock reaches that level, there is little re- 
duction for the gas to do at lower levels so 
that there will be little production of car- 
bon dioxide, and almost any coke, regard- 
less of reactivity, can supply gas containing 
not more than a few percent of this con- 
stituent at the 850° level. 

The behavior just described was not so 
clearly shown in the investigation of a fur- 
nace driven at a high rate, 27 a result that 
may have been associated with the high 
rate of driving, but which may also have 
been due to the extreme channeling of the 
stock column. In this furnace, only 24 per- 
cent of the reduction took place above a 
level 24 feet above the tuyeres, where the 
temperature was 940°; but it should be 
noted that this level was 5 feet or 26 per- 
cent further above the tuyeres than in the 
other furnaces investigated, although the 
height of this 700-ton furnace, from tuyeres 
to stock line, was only 1 percent greater 
than that of the other furnaces. Further- 
more, the differences in percent reduction 
and gas temperature at this level between 
this and the lower-rated furnaces may be 
more apparent than real because of the dif- 
ficulty in integrating over such nonuniform 
distributions as were found in this furnace. 
In this connection, it should be noted that 
the largest part of the gas passing this level 
went through a region where the tempera- 
ture was only 740°. ’ 

This analysis is supported by the fact, 
recognized since 1917, 28 that the amount of 
coke oxidized in the stack per ton of iron is 

27 Kinney, S. P., U. 8. Bur. Mines, Tech. 
Paper 442 (1920), 148 pp. 

28 Richards, J. W., Trans. Am. Inst. Mining 
Met. JEJngrs ., 56, 372-5 (1917). 


nearly independent of the coke rate or other 
factors. Thus, it seems likely that the rate 
of production of a furnace is not limited by 
the rate of reduction of the ore, but by the 
rate of melting of the reduced iron; there 
appears to be ample length of stock column 
so that the burden is exposed to reducing 
gas at a high enough temperature for re- 
duction to be practically complete before 
the stock reaches the zone of high tempera- 
ture below the bosh. Although this conclu- 
sion may be questioned for furnaces driven 
at very high rates, 27 the considerations out- 
fined above suggest that it may also hold 
true for them when operated with more 
uniform gas flow than in the one described 
by Kinney. If this should be so, it is evi- 
dent that differences in reactivity of the 
coke can have little or no effect on the 
completeness of the process, and that the 
principal function of the coke in the stack 
is to provide an open and porous structure 
supporting the burden so that it is effec- 
tively exposed to the action of the reducing 
gas. 

Further confirmation of the conclusion 
that the resistance to gas flow of the stock 
column is of the greatest significance in de- 
termining the economy and rate of opera- 
tion of a blast furnace may be obtained 
from work 25 in which a material reduction 
of coke consumption, with a marked in- 
crease in the rate of production attainable, 
was secured by sizing the ore charged to 
the furnace and charging the different-size 
fractions in separate layers. The results 
appear in Table II, in which the column 
headed “A” shows the results of normal op- 
eration with unsized ore; that headed “B,” 
the results with the ore divided into a 
coarse and a fine fraction, each fraction 
being charged separately; and that headed 
“D,” the results of operations with the ore 
divided into fine, intermediate, and coarse 
fractions. It is evident that the effect of 
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TABLE II 

Effect of Charging Sized Ore on Blast- 
Furnace Operation 28 

Period A B D 

Number of ore sizes 


charged 

1 

2 

3 

Foundry iron 

Average output, tons 
per day 

280 

337 

360 

Coke consumption, 
pounds per ton 

2,713 

2,402 

2,225 

Basic iron 

Average output, tons 
per day 

314 

376 

396 

Coke consumption, 
pounds per ton 

2,457 

2,122 

2,042 


charging the different-size fractions sepa- 
rately must be to increase the permeability 
of the column, since it sets up layers in 
each of which the size range is smaller than 
with unsized ore, thus leading to an increase 
in the volume of voids in the layer. 

It is evident that a coke containing a 
wide range of sizes will have some sizes 
which fill up the space into which the ore 
would normally sift, so that it will become 
necessary to increase the ratio of coke to 
ore in order to provide enough space for 
the burden. That the ore does sift down 
into the interstices between pieces of coke, 
at least the finer parts of it, is suggested by 
the fact that none of those 24 * 27 who have 
extracted samples of solids from the stock 
column have mentioned any evidence of 
layering, and by the fact that estimates of 
the void volume of the stock column based 
on measurements of the gas velocity by 
means of a Pitot tube 29 have given values 
of the order of 9 percent. This is just the 
value that would be calculated if a small- 
sized ore having a void volume of 30 per- 
cent when bedded alone were used to fill 
the interstices between large pieces of coke, 
which, when bedded alone, has a void vol- 

29 See pp. 71-2 of ref. 27. 


ume of 30 percent. It is perhaps not gen- 
erally realized how closely related are the 
void volume in a bed of coke and the values 
of coke rate per ton of iron that are com- 
monly observed. If the interstices of a 
coke bed having 30 percent voids were 
filled with a burden having an average den- 
sity of 275 pounds per cubic foot and con- 
taining 48 percent iron, the ratio of coke to 
iron in the mixture would be 2,490 pounds 
per ton. If the void volume of the coke 
were increased to 40 percent, for example 
by more careful sizing, the ratio of coke to 
iron in a mixture prepared in the same way 
would be 1,590 pounds per ton. 

It has been estimated that, under normal 
operating conditions, the pressure gradient 
of the blast supports about 50 percent of 
the weight of the stock. 30 It is evident 
that, if the net void volume under normal 
conditions is only 9 percent as noted above, 
it would take only a very small decrease in 
void volume to raise the pressure gradient 
to the point where it would support the en- 
tire weight of the stock and prevent its 
normal downward movement in the furnace. 
It seems likely that this is the cause of 
“hanging,” and that “slips” occur when the 
pressure under such a relatively impermea- 
ble layer is suddenly released by the devel- 
opment of a channel through the layer. 
Thus, it is evident that marked irregularity 
of the gas flow in a furnace, which is rec- 
ognized in practice 31 as a symptom of poor 
operating conditions, results from insuffi- 
cient free space in the stock column for the 
passage of gas and can be corrected either 
by increasing the ratio of coke to burden, 
which is the usual procedure, or alterna- 
tively, by increasing the void volume of the 
coke charge by more rigid sizing. 

30 Furnas, C. C., and Joseph, T. L., U. 8. Bur. 
Mines , Tech. Paper 47G (1930), 73 pp. 

31 Johnson, H. W., Blast Furnace Steel Plantj 
20, 590-4, 689-93 (1938). 
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The foregoing discussion indicates that tion rate, and the blast temperature; and 


the structural properties of coke are of the 
greatest importance in determining blast- 
furnace properties but does not indicate 
which ones of that class are significant. 
Only one method seems to be available for 
the determination of the significance of in- 
dividual criteria of coke quality, namely, 
direct comparison of results of tests with 
records of furnace operation. This method, 
however, is difficult of application because 
of the great number and variety of factors 
which affect the operation. It appears to be 
quite impracticable to maintain all other 
factors but the one investigated constant 
over a long enough period of time to secure 
significant results. Thus, it is necessary to 
apply the methods of statistics to the rec- 
ords of operation and of coke quality, in 
the hope that correlations 32 may be found 
among the most significant of the numerous 
variables concerned. Not many published 
data are available with which to try such 
an attempt at correlation. Perhaps the 
most satisfactory for this purpose are those 
presented by Brooke, Walshaw, and Lee 33 
before the British Iron and Steel Institute, 
consisting of weekly average values of 
twelve quantities related to furnace opera- 
tion or coke quality, given graphically for 
all or part of a period of 1 year and 7 
months. 

Statistical correlation of these data 34 in- 
dicated that the production rate was sig- 
nificantly related to the shatter test or to 
the Cochrane drum test; that the coke rate 
depended on the shatter index, the produc- 

32 Fisher, R. A., Statistical Methods for Re- 
search Workers , Oliver and Boyd, Edinburgh, 
1936, 339 pp. 

33 Brooke, W. J., Walshaw, H. R. B., and Lee, 
A. W., J. Iron Steel Inst. (London), 134, 287- 
311P (1936). 

34 Mayers, M. A., and Landau, H. G., Paper 
presented at the February 1941 meeting of the 
American Institute of Mining and Metallurgical 
Engineers, New York, N. Y. 


that, during a portion of the test, the sili- 
con content of the iron depended on the 
shatter index. The shatter index of the 
coke was shown to depend on the Sheffield 
Swelling Index of the coal and its fineness 
as charged to the ovens. It is recognized 
that the results are of illustrative value only 
because of shortcomings of the data for use 
in such statistical analysis; in particular, 
the raw materials and methods of operation 
are quite foreign to American practice. The 
analysis was shown, however, to be capable 
of dealing with the extremely complex prob- 
lem of blast-furnace operation. 

The discussion of foundry and blast-fur- 
nace cokes above may be summarized by 
the following conclusions, which are prob- 
ably true but require additional data for 
their substantiation. 

1. The structural properties of coke, 
which determine the size of the pieces and 
the void volume in a bed of the coke as 
charged into the furnace, are of prime im- 
portance in determining the performance of 
either the cupola or the blast furnace. 

2. The reactivity of coke is probably sig- 
nificant for foundry practice, a coke of low 
reactivity being desirable to produce high 
hearth temperature and to minimize solu- 
tion loss. 

3. Further correlation of coke properties 
with the results of furnace operation by 
statistical methods is essential for the de- 
termination of which of the many tests 
available for characterizing cokes are of 
special significance with respect to the 
economy and capacity of any particular 
operation. 

Coke foe Gas Producers and 
Combustion Equipment 

The use of coke as fuel for gas producers 
and generators and for heating has been, 
until recently, largely a means for dispos- 
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ing of small-sized coke with economy. As 
might be expected from this fact, little at- 
tention has been paid to the physical prop- 
erties of coke for such purposes; provided 
that it contained enough combustible mat- 
ter so that its cost per million Btu was low, 
the coke was expected to make little or no 
contribution to its ease of utilization. Thus, 
the attention of engineers was devoted, not 
to the development of desirable properties 
of the fuel, but to the development of 
equipment that could handle it, regardless 
of its characteristics. Since, in general, 
such fuel resulted from the screening out 
of the small sizes from coke prepared for. 
metallurgical use, equipment has been de- 
veloped that is capable of handling material 
from 1 inch down to dust;/ 5 but some- 
times, 36 in order to secure the increased gas 
production attainable with sized coke, a 
portion of the fine breeze (through 12-milli- 
meter screen) has been removed from the 
feed to the gas producers and supplied to 
chain-grate stokers for steam raising. These 
stokers appear to be quite flexible enough 
to cope with any probable variations in the 
quality of coke without difficulty, provided 
that they are not forced to excessive rat- 
ings, and they are the usual devices speci- 
fied for the large-scale combustion of coke 
breeze. A small underfeed stoker has been 
developed for domestic heating with coke 
and has been subjected to tests by a large 
coke producer in this country. It is likely 
that such a stoker would use a screened 
coke prepared especially for the purpose, 
rather than unprepared breeze. It also 
seems likely that coke breeze could be uti- 
lized as pulverized fuel, with equipment 
similar to that developed for burning an- 

35 Holton, A. I*., and Applefcee, H. C., Gas J., 
192, 151-8 (1930). Winkler, F., and Linckh, 
Ed., U. S. Pat. 2,111,579 (1938). 

36 Qvafort, S., Schweiz . Ver. Gas- u. Wasser - 
fach., Monats Bull., 19, 157-62 (1939). 


thracite, 37 but the writer knows of no in- 
stance in which this has been done. 

It appears, however, that the size and 
size distribution of the coke are of great 
importance in determining both the quality 
of the gas and the economy and rate of op- 
eration of gas producers. Thus, Qvafort 36 
quoted tests of an A.V.G. producer, 2.6 
meters in diameter, which, when fired with 
small coke, 6 to 15 millimeters in size, plus 
42. S percent of breeze 63 percent of which 
was smaller than 3 millimeters, burned 13.1 
tons (metric) per day, producing a gas of 
1,0 28 kilocalories per cubic meter (115 Btu 
per cubic foot) heating value, at a gas effi- 
ciency of 69.8 percent; the same producer, 
when fired with a 15 to 25 millimeter coke, 
with 32.4 percent of the same breeze, 
burned 16.8 tons of coke per day, produc- 
ing a gas of 1,069 kilocalories per cubic 
meter (120 Btu per cubic foot) at a gas 
efficiency of 70.4 percent. The data avail- 
able, however, are not complete enough to 
justify extensive analysis. 

Three developments have caused much 
more attention to be paid to the properties 
of coke that is to be used as fuel for gas 
producers or for heating: (l)'the Fischer- 
Tropsch process for the synthesis of liquid 
fuel, with its requirements of large volumes 
of water gas of high hydrogen content; (2) 
producer-gas-fired motor vehicles with their 
demand for large capacity in a small space; 
and (3) the increasing demand for solid 
smokeless fuel for domestic heating, espe- 
cially, as in England, where the fuel is to 
be used in open grates. Jappelt and Stein- 
mann 38 have shown that the high hydrogen 
to carbon monoxide ratios required for syn- 
thesis gas can be reached in generators of 

37 Frisch, M., Trans. Am. Soc. Mech. Fngrs 
58, 177-83 (1936). Mayer, J., J. Inst. Fuel, 11, 
305-26 (1938), Johnson, E. B., 12, 177-87 

(1939). 

35 Jiippelt, A., and Steinmann, A., Brennstoff * 
Chem 18, 135-40 (1937). 
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commercial types, provided that highly re- 
active cokes are used. Though there may 
be some question concerning the compari- 
sons made by these authors among fuels of 
various types, 39 their conclusion that high 
reactivity is essential for the practical pro- 
duction of synthesis gas is supported by the 
extensive work on a laboratory scale re- 
ported from Germany on methods of in- 
creasing the reactivity of coke and of cata- 
lyzing the water-gas reaction. (See Chapter 
39.) 

The development of the automotive suc- 
tion gas producer in Germany and England, 
in those nations 5 search for freedom from 
dependence on imported oil, led to a de- 
mand for this application for a coke that is 
closely sized and highly reactive but which 
must be free of any trace of distillable 
tar. 40 Close sizing is necessary for two 
reasons: first, because the pressure drop 
through the producer must be kept to a 
minimum so that the volumetric efficiency 
of the engine may not be adversely af- 
fected; 41 and second, so that dust carry- 
over by the gas, which has been the greatest 
source of mechanical difficulties in this ap- 
plication, may be minimized. 42 Whereas 
Gumz claimed that physical factors — size, 
size distribution, void volume, etc. — are 
more important than chemical factors in 
characterizing coke to be used in gas pro- 
duction, 43 other writers have been nearly 
unanimous in the statement that high reac- 
tivity of the fuel is essential. In some types 
of producers, 42 in order to keep the gasifi- 
cation rate and the quality of the gas ap- 
proximately constant throughout the time 

39 Mil eke, M., Gas - u. Wasserfach , 80, 135-40 
(1937). 

40 Wohlsclilagor, H., Z. Ver. deut. Ing., 81, 
1299-304 (1937). 

41 Lang, Iv., ibid., 83, 472-3 (1939). 

42 Rammler, E., Breitling, K., and Gall, J 
Feuerungstech 27, 99-102 (1939). 

43 Gumz, W., Feuerungstech., 27, 97-9 (1939). 


required to burn out a filling, the gas is al- 
lowed to pass through only about a quarter 
of the height of the coke column, the re- 
mainder of the combustion chamber serv- 
ing more as storage space than as reaction 
space. This materially restricts the extent 
of the coke surface to which the reacting 
gases may be exposed in such producers, 
and a high reactivity is required to make 
up for the restriction. 

Wohlschlager 40 and Lessnig 44 both rec- 
ommended low-temperature coke made 
from brown coal as a suitable fuel for 
automotive gas producers because of its 
high reactivity, and a report of Sir Harold 
Hartley’s Committee on the Emergency 
Conversion of Motor Vehicles to Producer 
Gas, 45 naming reactivity as a prime requi- 
site of fuels for such applications, in its 
provisional specification, included only an- 
thracites (uncarbonized) and low-tempera- 
ture coke. The specification referred to set 
limits on the “potential tar” that may be 
distilled from the fuel as less than 15 ounces 
per ton of anthracite, and less than 10 
ounces per ton of low-temperature coke, 
and specified that either fuel must be sized 
to remain on a %6-inch screen and to pass 
a %-inch screen. This specification is re- 
produced in Table III. (See also Chap- 
ter 37.) 

Extensive agitation for the abatement 
of smoke and the active and enlightened 
search for new and profitable markets for 
their coke on the part of British gas com- 
panies have led to productive research on 
the adaptation of coke to the open grate 
fire and to the development of special 
grates for its use. New and improved 
grates and fireplaces both for coke and coal 
have been devised 46 and the Fuel Research 

44 Lessnig, R., Gliickauf, 73, 1053-9 (1937). 

45 Anon., Gas J., 229, 352-3 (1940). 

46 Blackie, A., J. Inst. Fuel , 10, 131-2 (1937). 
Rosin, P. O., ibid., 12, 198-223 (1939). 
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TABLE III 


Provisional Specification of Fuels for the 
Emergency Producer 45 


Volatile matter 
“Potential tar” 

Hydrogen (dry ash- 
free basis) 

Ash 

Moisture 

Size 


Anthracite 
Less than 7 percent 
Less than 15 ounces 
per ton 

Less than 3.7 percent 

Less than 4 percent 
Not limited t 
% inch by Me inch 


Low-Temperature 
Coke 
Variable * 

Less than 10 ounces 
per ton + 


Less than 5 percent 
Not limited % 

% inch by Me inch 


Volatile matter and ash determined by the 
methods given in British Standard- Specification 
735, hydrogen by the method given in British 
Standard Specification 687, and “potential tar” 
by the method described in the report. 

* Should be as high as possible, provided that 
the limit for “potential tar” is not exceeded, 
f Provisional figure. 
t Except for fabric filters. 


Board maintains a special building for re- 
search in this field. 47 Parallel with this de- 
velopment there has been intensive investi- 
gation of the characteristics required of 
coke to permit it to meet the competition 
of coal as a fireplace fuel and of methods 
of satisfying those requirements with the 
least possible change in the carbonizing 
equipment, whose primary function is the 
production of illuminating gas. The prob- 
lems to be overcome have been: (I) to se- 
cure ease of ignition and adequate ability 
of the fire to maintain itself ; (2) to obtain 
adequate radiation intensity and pleasing 
appearance of the fire; and (3) to over- 
come the disadvantage in storage and grate 
volume required by coke of low density. A 
coke with the optimum qualities from one 
point of view will have poor characteristics 
from another; that is, the optima are mu- 
tually incompatible, so that a certain de- 
gree of compromise is unavoidable. For 
example, a coke of low hulk density is de- 

47 Blackie, A., and Bruckshaw, J. M., ibid 
12, 20-7 (1938). 


sirable to obtain ease of ignition 48 since the 
time required to reach a “bright fire” in- 
creases 5 minutes with an increase of 1 
pound in the weight per cubic foot of the 
1%-inch by 2-inch coke 49 On the other 
hand, light coke will burn out rapidly since 
grates are filled to a fixed volume, not to a 
fixed weight, and will require frequent re- 
plenishment; also the storage space re- 
quired to keep an adequate supply at hand 
may become burdensome. Another means 
of securing easy ignition is by using a 
highly reactive fuel, produced either by 
carbonization at low temperature or by the 
addition of a catalyst, such as soda or lime 
and soda, either to the coke or to the coal 
before carbonization, but this results in a 
lowering of the radiating power of the fire, 
since the increased reactivity increases the 
rate of gasification to carbon monoxide, in- 
creasing the proportion of the burning that 
takes place in the gas phase and lowering 
the temperature of the solid surfaces which 
supply the greater part of the radiation. 

The problem has been attacked partly by 
the development of special laboratory tests, 
notably the C.A.B., or Critical Air Blast, 
Test, which is very widely used in England 
and is described later in this report under 
the heading “Tests of Reactivity,” but 
mostly by actual test of various fuels in 
grates and fireplaces under more or less 
carefully controlled conditions. The work 
has resulted in fairly definite standards to 
which an open-fire coke should conform, 
which are stated below. This statement is, 
largely, a digest of published reports by 
Mott, Davidson, Cobb, and the South Met- 
ropolitan Gas Company. 60 - B1 » 62 Coke for 
open fires should: 

48 Cobb, J. W., and Hodsman, H. J., ibid., 10, 
127-9 (1937). 

49 Mott, R. A., ibid., 10, 133-5 (1937). 

50 Anon., Gas J., 202, 162-3 (1933.) Stubbs, 
A. E„ J. Inst. Fuel , 10, 125-48 (1937). Brewin, 
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1. Be closely sized, all passing a 2-inch 
screen and remaining on a 1-inch screen, 
perhaps 80 percent being smaller than 1% 
inches. 

2. Have a bulk density, as fired, in the 
neighborhood of 19 to 22 pounds per cubic 
foot. 

3. Be fairly reactive, having a C.A.B. 
value below 0.06, and preferably in the 
neighborhood of 0.04. More reactive cokes 
can be burned satisfactorily in larger sizes, 
making a somewhat pleasanter fire to the 
eye; or the bulk density of such coke may 
be higher. 

4. Have low ash volume, though not nec- 
essarily low ash content by weight. The 
ash should fall away from the coke in fairly 
large pieces. Thus, it is usually undesir- 
able to make open-grate coke from finely 
crushed blends of coal; in fact, Davidson 52 
recommended the coking of 3-inch nut coal. 

5. Have low, accurately controlled mois- 
ture content, in the neighborhood of 3 per- 
cent, to minimize the possibility of dust 
nuisance on delivery, but low enough so 
that there will be little danger of decrepi- 
tation of shale particles during burning. 

Many methods for securing this combi- 
nation of properties using either gas retorts 
or coke ovens have been developed. Some 
of them have been mentioned above ; others 
will be treated in later sections of this re- 
port in connection with methods of influ- 
encing the properties of coke. Brewin and 
Mott 60 listed seven different methods of 
making coke of high reactivity in coke 
ovens. 

For use in stoves and central heating 
boilers, the requirements of a satisfactory 

W., and Mott, R. A., Gas World , 110, Coking 
Sect., 55-60 (1039). 

si South Metropolitan Gas Company, The 
Solid Products of Carbonization of Coal , So. 
Met. Gas Co., London, 1934, pp. 62-104. 

52 Davidson, W., Gas J., 218, 211-4, 280-8 
(1937). 


coke are somewhat less stringent. The re- 
activity of the coke may be somewhat 
lower, i.e., it may have a higher C.A.B., 
for most purposes, but for small hot-water 
boilers in use abroad, in which a low load 
is carried almost all the time, as low a 
C.A.B. value is necessary as for open fires. 
The coke should usually be smaller, but a 
double-screened coke is considered neces- 
sary, the sizes recommended being % by 
% inch and % by 1 inch, 53 or % by 1% 
inches. 54 For hot-water heating and cen- 
tral heating unit firing, high bulk density is 
a distinct advantage as it reduces the at- 
tention required. 51 * 52 

For chain-grate stokers, the reactivity of 
the coke helps to determine the maximum 
rating that may be carried because of its 
influence on the rate of ignition in pure un- 
derfeed burning, which, as shown in Chap- 
ter 33, is similar to the process occurring in 
the fuel beds of these stokers. The effects 
of some of the other properties of coke on 
its reactions in this equipment can be esti- 
mated from the conclusions reached in later 
sections of this report (pp. 901 and 912), 
but exact information on the effect of coke 
size and size distribution on maximum ca- 
pacity and average operating efficiency is 
not available. 

It will be observed that the requirements 
for coke for these purposes are generally 
more definitely known than those for blast- 
furnace cokes. This is because, since the 
units are usually small, it is possible accu- 
rately to control the conditions of their op- 
eration for long enough to secure test meas- 
urements of reasonable precision. On the 
other hand, the factors governing the suit- 
ability of cokes (and of coals, too, for that 
matter) for large power boilers are not en- 
tirely understood. For this use, also, eorre- 

53 See pp. 110-1 of ref. 51. 

54 Baton, F. J., Gas J. t 222, 562-70, 808-16, 
976-8 (1938). 
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lation of operating records with fuel prop- 
erties over long periods of time is probably 
necessary. Data for an example of this are 
not available. 

Tests op Coke Properties 

STRUCTURAL PROPERTIES 

The term structural properties of coke is 
used here to classify all those properties of 
the coke which help to determine the struc- 
ture of the bed it forms when piled, as in 
a fuel bed or a blast-furnace stock column. 
The structure of this bed determines the 
resistance to gas flow through it, which, as 
has been noted, is a property of fundamen- 
tal importance in every application. Car- 
man 55 has shown that the resistance of a 
bed to the passage of a fluid depends on 
two characteristics: the volume of voids, 
and the specific surface, i.e., the area ex- 
posed to fluid friction per unit volume of 
the bed. Both these quantities may be 
measured directly, under some circum- 
stances, but they may also be estimated 
from a knowledge of the size and size dis- 
tribution of the coke as it is charged, if 
some information is available about the de- 
gree of packing that is achieved in the 
charging process. Differences in size are 
obvious to the eye, so that differences in 
behavior ascribable to changes in the void 
volume or specific surface are usually at- 
tributed to changes in the size. Thus, the 
measurement of the size of coke has become 
very important. 

It must be noted, however, that the 
values of these fundamental variables which 
are significant for practice are those in the 
bed formed in the equipment in which the 
coke is used. It usually happens that the 
size or the bulk density of the coke is meas- 
ured at the point at which the coke is pro- 

55 Carman, P. C., Trans. Inst. Qhem. Engrs. 
{London), 15, 150-66 (1937). 


duced, after which the coke is handled more 
or less severely in shipment to the point of 
use. When this occurs, or when the coke 
may be degraded in the process in which it 
is used, as in passing down through the 
shaft of a blast furnace, the size, size dis- 
tribution, void volume, and specific surface 
may change materially from the point of 
measurement to the point of use. Thus, in 
order to estimate the properties of the bed 
it may be necessary to form an estimate of 
the extent to which the coke has been de- 
graded by handling, either in shipment or 
in the process itself. These facts indicate 
why strength tests of coke have assumed 
such great importance; since they measure 
properties which influence the structure of 
the bed as charged, they are included here 
under the heading of structural properties. 

Finally, since the void volume of the bed 
is of primary importance, the determination 
of bulk density and of apparent specific 
gravity, from which it may be calculated, 
is included in this section. The determina- 
tion of true specific gravity is also included 
because it is usually carried out at the same 
time as the determination of apparent spe- 
cific gravity, although there is little evi- 
dence that it has any significance except as 
an indicator of the degree of graphitization 
of the coke, a subject treated in a later 
section. 

Size and Size Distribution. The deter- 
mination of coke size is important, not only 
in itself, but also because it forms an inte- 
gral part of almost all the tests of coke 
strength, whose results are usually reported 
in terms of the size of coke resulting from 
some standardized treatment of a sample of 
known initial size. It is obtained by screen- 
ing a sample of coke on a series of sieves of 
standard dimensions, the results being re- 
ported, alternatively, as the percentages by 
weight of the sample between each pair re- 
maining on the largest and passing through 



877 


SIZE AND SIZE DISTRIBUTION 


the smallest, or as the cumulative percent- 
age on each sieve. A standard method for 
the determination has been set up by the 
American Society for Testing Materials, 56 
which specifies in detail the procedure to be 
followed in carrying out such tests and the 
dimensions of the sieves to be used. 

The American standards for the tumbler 
and shatter tests, for both coal and coke, 
also contain specifications of the sieves to 
be used in reporting the results of the tests. 
In the tumbler test, the sieves are part of 
the same series as those for tests of coke 
size, namely, the square-mesh sieves con- 
tinuing the Standard Fine Series 57 omit- 
ting every other one, so that the ratio be- 
tween the apertures of successive sieves is 
V 2 (1.414). Instead of even dimensions 
at *4, %, and 1 inch, the sieves for this 
series have openings of 0.263, 0.525, and 
1.050 inches. For the shatter test, how- 
ever, the specification requires the use of 
the even-dimension screens at % and 1 
inch. If the screens specified for sizing coal 
are considered, the situation becomes even 
more confused. For crushed bituminous 
coal to be charged to coke ovens, the stand- 
ard 58 specifies the same screens as are used 
for sizing coke, but for coal (except anthra- 
cite) for all other purposes, the standard 59 
requires round-hole punclied-plate sieves 
for all sizes larger than the Fine Series, 
starting with %-inch diameter. No advan- 
tage appears to be gained by this diversity 
of sizes, and it seems desirable that it be 
eliminated. 

The British Standards Institution has 
set up a specification 60 for sieves of three 

56 Am. Soc. Testing Materials Standard 

D293-29. 

57 Am. Soc. Testing Materials Tentative Stand- 
ard E11-38T. 

ns Am. Soc. Testing Materials Standard 

D311-30. 

59 Am. Soc. Testing Materials Standard 

D410-38. 

60 Brit. Standard Specification 410-1931. 


series : Fine, Medium, and Coarse Mesh, all 
having square apertures, and the Coarse 
Series, with punched-plate screens. Screens 
from these series are specified for all British 
tests of coal and coke, 61 so that the con- 
fusion existing in American practice does 
not occur. Evidently punched-plate screens 
have a decided advantage for large aper- 
tures in durability and in maintenance of 
accuracy of opening, but there seems to be 
no good reason, except, perhaps, established 
usage, for using round-hole sieves and 
square-mesh screens in the same series. 
The relative sizes of particles passing 
square-hole and round-hole screens of the 
same size designation is open to some ques- 
tion; it is evident that for very thin plates 
the ratio of the diameters would be 1.414. 
Heywood 62 found the average “equivalent” 
diameters of coal particles passing square- 
and round-hole sieves to be equal to 1.41 
times the opening of a square mesh, and 
1.21 times the opening of a round-hole 
screen, giving a ratio of 1.16. In this coun- 
try the factor frequently used for conver- 
sion is 1.25. Though the difference between 
the last two factors is not great, it would 
be desirable to eliminate the need for inter- 
conversion by using only square openings. 

Although the odd-sized screens mentioned 
above, 0.263, 0.525, and 1.050 inches, are 
used to continue a rational series, their 
value does not appear great enough to jus- 
tify the possibility of their confusion with 
%-, and 1-inch screens. Furthermore, 
if the methods of correlating screen analy- 
ses described below, which permit the com- 
plete description of most analyses by only 
two parameters, become general, there will 
no longer be any advantage in the use of 
screens whose openings differ by exactly 
\/2; in fact, screens of simple dimensions 

6 1 Brit. Standard Specification 496-1933. 

62 Heywood, H., Proc. Inst. Mech. Engrs . 
(London), 125, 383-459 (1933). 



878 


PHYSICAL PROPERTIES AND REACTIVITY OP COKE 


would be more advantageous because of the 
increased facility of plotting on, rather than 
between, ordinates. 

In the late ’30’s work on sizing was more 
directly applied to the sizing of coal, being 
especially concerned with sampling methods 
and with the concise representation of the 
results of sieve analyses. Statistical theory 
has been very fruitful in this field, and, 
though it has been applied more frequently 
to the requirements of sampling for the 
elimination of errors in the estimation of 
the chemical analysis, 63 the field of sam- 
pling for size analysis has not been neg- 
lected. 64 The fundamental basis for the 
estimation of the sizes of gross samples re- 
quired for these analyses is that, as the 
number of increments by which the gross 
’ sample is taken is increased, the average 
value of any analytical property deter- 
mined from the sample approaches the 
mean value of that property for the entire 
consignment and is normally distributed 
about that mean; that is, its distribution 
about the true mean may be calculated 
from the normal or Gaussian error func- 
tion, with a standard deviation equal to: 



where <r m is the standard deviation of the 
mean of the property, or of the value ob- 
tained by the analysis of a sample taken 
by N increments, when the standard de- 
viation for a single increment is given by cr. 
That this law holds has been demonstrated 
experimentally for the ash content of 
coal 6S » 65 » 66 and for the moisture content 

63 Morrow, J. B., and Proctor, C. P., Fuel, 1C, 
128-47 (1937). Bushell, L. A., J. Ghent. Met. 
Mining Soc. 8. Africa, 37, 361-434 (1937) ; cf. 
J. Inst. Fuel , 10, 384-408, 11, 50-67 (1937). 

64 Manning, A. B., J. Inst. Fuel , 11, 153-5 
(1937). 

65 Grumell, 32. S., and Dunningham, A. C., 
Fuel , 15, 55-9 (1936). Cf. also British Stand- 


of coke, 67 so that it may confidently be ex- 
pected to hold for the size analysis of 
coke as well. The quantity cr depends on 
the variability of the consignment and the 
size of the increments taken, and thus may 
be quite different for increments of a given 
size, depending on whether the sample is to 
be used for size analysis or for chemical 
analysis. 

The standard method of sampling coke 
for chemical analysis 68 specifies the gross 
sample sizes given below: 

Pounds 

Run-of-oven, etc., coke containing a 
range of sizes made from uncrushed 


or coarsely crushed coal 500 

Run-of-oven, etc., coke made from 
crushed coal 250 

Closely sized coke made from uncrushed 
or coarsely crushed coal 250 

Closely sized coke made from crushed 
coal 125 

Coke breeze 125 


Although these evidently were not deter- 
mined by as rigorous application of statisti- 
cal theory as those given in the method for 
sampling coal classified as to ash content, 69 
they are not very unlike those given there 
if coke from uncrushed coal is considered to 
have a variability equivalent to that of coal 
of greater than 10 percent ash content, 
whereas that from crushed coal has a varia- 
bility equivalent to that of coal having 8.0 
to 9.9 percent ash. Comparing the gross 
sample sizes of coal specified for chemical 69 
and size 59 analyses, it will be observed that 
the size analysis calls for samples from 2% 

ards Specifications 403 (1930) and 502 (1933). 

66 Dawe, A., and Potter, N. M., Fuel , 15, 
128-36 (1936). 

67 Mott, R. A., and Wheeler, R. V., The Qual- 
ity of Coke, Chapman and Hall, London, 1939, 
pp. 42-69. 

68 Am. Soc. Testing Materials Standard 
D346-35. 

69 Am. Soc. Testing Materials Tentative 
Standard D492-38T. 
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times for small coal, to 10 times for large 
coal, as large as those required for chemical 
analysis. On this basis, the minimum gross 
sample sizes of coke that might be expected 
to give results of precision equivalent to 
that of chemical analysis might be of the 
order of the following: 

Pounds 


Run-of-oven coke, top size 4 inches or 
larger 5,000 

Run-of-oven coke, top size 2 to 4 inches 2 , 000 
Closely sized coke, top size 4 inches or 
larger 2 , 000 

Closely sized coke, top size 2 to 4 inches 1 , 000 
Coke, top size 1 to 2 inches 500 

Coke breeze (smaller than % inch) 250 


The standard specification, 56 however, calls 
for gross sample sizes as follows : 

Pounds 

Run-of-oven coke 1 inch and 
larger Not less than 500 

Coke 1 inch and larger, free 
from breeze Not less than 200 

Coke smaller than 1 inch in 
size Not less than 50 

This specification appears to be inadequate, 
especially in view of the fact that the mini- 
mum number of increments to be taken and 
the size of the increments are not stated. 
On the other hand, the estimate given 
above, based on the comparison of the coal 
standards for chemical and size analyses, 
appears to be unnecessarily burdensome in 
the light of the results of Clive and Slater's 
coal-sampling tests, 70 reproduced in Table 
IV, and of Manning's calculations of the 
deviations to be expected, given in Table V. 
Extending these results to the range of sizes 
found in large coke, where one piece might 
weigh 4 pounds, it would be necessary, in 
order to secure precision equivalent to that 
of the 150-pound gross samples of Table 

to Clive, R., and Slater, L., Trans. Inst. Min- 
ing Bngrs. (London), 94, 41-69 (1938). 


TABLE IV 

Size Analysis of 50 Tons of Trebles from 
21 Gross Samples Each Collected in 
Twenty-Five 5-Pound Increments 70 



Mean 

Deviations 

Weight of gross sample, 
pounds | 

130 

Stand- 

ard 

19/20 
Chance * 

Screen analysis, percent 




On 2M-inch square 

On 1 ^4-inch square, 

4.6 

1.19 

2.33 

passing 2 J^-inch 

On 1^4-inch square, 

36.3 

2.28 

4.46 

passing 1 24-inch 

On 1^-inch square, 

52.9 

1.91 

3.74 

passing 114-mch 

5.6 

0.73 

1.43 


* Deviation from the mean within which 95 
percent of the results may be expected to fall. 


TABLE V 

Theoretical Deviations of Size Analyses 
according to Manning 70 

Precision of Screen- 
ing * 

Weight Weight , 1 


Colliery 

of Largest 

of Gross 

5 or 

10 or 


Size 

Particle 

Sample 

95% 

90% 

50% 


pounds 

pounds 




3 to 2 inches 

0.5 

100 

3.0 

4.2 

6.9 



500 

1.4 

1.9 

3.1 



1,000 

1.0 

1.3 

2.2 



2,000 

0.7 

0.9 

1.6 

2 to 1 inch 

0.2 

100 

1.9 

2.6 

4.4 



300 

1.1 

1.5 

2.5 



500 

0.9 

1.2 

2.0 



1,000 

0.6 

0.8 

1.4 

1 to H inch 

0.05 

50 

1.4 

1.9 

3.1 



100 

1.0 

1.3 

2.2 



150 

0.8 

1.1 

1.8 



200 

0.7 

0.9 

1.6 


* Deviation from mean within which 95 per- 
cent of the results may be expected to fall, 
when the mean (percent retained on, or passing) 
has the magnitude indicated by the column 
heading. 

IV, to take 1,000-pound gross samples in 
25 increments of 40 pounds each, instead of 
the 5,000 pounds estimated above. It is 
desirable that additional work be done in 
this field so that gross sample sizes can be 
correctly chosen for various standards of 
precision of size analysis. 
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Concise representation of size analyses of 
broken solids is made possible by the fact 
that many such distributions can be repre- 
sented by continuous functions which are 
completely specified by a small number of, 
usually two, parameters. The first of these 
functions to be applied successfully to coal 
was developed by Rosin and Rammler 71 
and is usually referred to by their names. 
The Rosin-Rammler law states that the size 
of powdered coal is distributed in accord- 
ance with the expression: 

R - 100e- & ** (2) 

where R represents the percentage by 
weight retained on a sieve of opening x , 
and 6 and n are arbitrary constants, to 
be determined for any particular sample, 
which completely specify the distribution 
of that sample. By twice taking loga- 
rithms of both sides this becomes: 

log log ■— log b + n log x (3) 

Jtt 

so that a linear plot of the results of sieve 
analyses can be made on paper having co- 
ordinates log log 100/IE and log x. The 
slope of the line on such a graph is the 
parameter n, and the value of x at which 
the line crosses the coordinate correspond- 
ing to R = 36.8 percent is equal to 1/6. 
The latter parameter is related to the av-' 
erage size of the distribution; the former 
represents the closeness of the sizing; the 
greater n is, the closer is the bulk of the 
coal to the average size, and vice versa. It 
has been shown 72 that the same distribu- 
tion law applies to broken coal of large 
sizes, provided that the distribution has 
not been disturbed by screening or recom- 
bining, and that the law applies as well to 

7 1 Eosin, P., and Eammler, E., J. Inst . Fuel , 
7 , 29-36 (1933). 

72 Bennett, J. G., J. Inst. Fuel , 10, 22-39 
(1936). 


American coals. 73 Yancey and Geer have 
also given tables of values of log log 100/IE 
by whose use ordinary semilogarithmie pa- 
per can be converted to coordinates suit- 
able for plotting the Rosin-Rammler law. 

Another method of representing screen 
analyses, which from some points of view 
is to be preferred to the Rosin-Rammler 
law, has been suggested by Austin, 74 in 
which the percent by weight remaining on 
a sieve is plotted on probability coordinates 
against the sieve opening. The reasons for 
preferring this representation to the Rosin- 
Rammler law are: first, that the specific 
surfaces may, under some conditions, be 
more easily calculated from this distribu- 
tion; and second, that paper printed with 
the proper coordinates is available from 
stationery supply houses. It is found that 
with some materials straight lines on these 
coordinates are obtained when the size scale 
is logarithmic; this is true for broken coal. 
On the other hand, for the large coke pro- 
duced in coke ovens, straight lines are 
found when paper having regular or arith- 
metic scales for size is used, as shown in 
Fig. 1 A. It will be observed that the 
straight line represents the distribution 
down to the smallest 5 percent but that 
the distribution often falls much below the 
line for the very finest materials. On the 
other hand, the small sizes produce a 
straight line when plotted to logarithmic 
size coordinates as shown in Fig. IB. This 
anomaly is related to the facts that the 
size distribution of coke degraded by shat- 
tering is very accurately represented by a. 
straight line using arithmetic size coordi- 
nates, whereas the size of coke degraded by 
abrasion, as the small coke formed in the 
tumbler test, is not. Since the samples rep- 

73 Geer, M. R., and Yancey, H. F., Trans. Am. 
Inst. Mining Met. Bngrs ., 130, 250-69 (1938). 

74 Austin, J. B., Ind. Eng. Ghem Anal. Ed. f 
11, 334-9 (1939). 
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resented in Fig. 1 are the entire product 
discharged from the ovens, without the re- 
moval of breeze, the departure from the 
line indicates that a proportion of the coke 
is degraded by abrasion in pushing and 
handling on the wharf. 

Referring now to Fig. 1 A, the ordinate 
of the curve at the center of the horizontal 
scale, that is, the value at 50 percent on, is 
the average size and is one of the parame- 
ters which represents the size distribution. 
The other parameter, which measures the 
closeness of the sizing, may be chosen in 
several ways, but perhaps the most con- 



S-S0=F»«f{ ± ^} (4) 

where erf represents the ordinary error 
function 

erf x = — %= ( e ~ l 2 dt (5) 

x'itJo 



Percent Remaining On 
B 


Fig. 1. Coke-size distribution to probability coordinates. 

A. With arithmetic size coordinates. Characteristics of straight line M = 2.77 inches, £ = 0.67 
inch. 

B. With logarithmic size coordinates, showing that curved portion of A becomes straight line in B. 


venient one is the value of the “quartile 
deviation,” the distance on the ordinate 
from the point at which the line crosses 
the 50 percent abscissa to that at which 
it crosses the 75 percent line. This param- 
eter is analogous to the “probable error” of 
an observation, in that 50 percent of the 
weight of the coke falls between the limits 
of M + S and M - S, where M represents 
the mean size and S represents the quartile 
deviation, referred to in the Coal Research 
Laboratory as the “spread.” 

This representation of coke size lends it- 
self easily to calculation. In the first place, 
the size distribution is represented by: 


and R is the percent by weight remaining 
on a screen of opening x . 

Specific Surface . The specific surface of 
a granular material may be stated either as 
the exposed surface in a unit of volume of 
the bed, when it is dependent not only on 
the sizing of the material as charged but 
also on the density of packing, or, more 
conveniently, as the surface exposed per 
unit of weight of the material. The latter 
practice is more common with respect to 
coke. As noted above, the specific surface 
may be calculated from the size analysis, 
provided that certain shape factors are 
known. These shape factors, which have 
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been determined for coal by Heywood 62 
and for coke by Gabinskii and Badanova, 75 
are defined as: 

where k is the volume shape factor, V is 
the average particle volume of a given size 
fraction, and d e is the equivalent diameter 
of the size fraction, 62 and: 

/-#. ® 

where / is the surface shape factor and S 
is the average particle surface of a given 
size fraction. 

Using this notation and natural loga- 
rithms, the specific surface of a sample 
whose analysis satisfies a straight line on 
logarithmic-probability coordinates is given 
by: 

log S = log™ - log ikf + | log 2 a s (8) 

where p is the apparent density of the coke 
and M and a g are the logarithmic mean size 
by weight and the logarithmic standard devi- 
ation, respectively, the latter being given by 
the ratio : 

- Size at 84.13 percent 
Gg Size at 50.00 percent 

Moreover, the fraction of the total surface or 
of the specific surface between any two limits 
within the range covered by the distribution 
law can be calculated from the formula : 


sents the specific surface of the entire sample 
given by equation 8. 

These calculations cannot be so easily 
made when the size distribution is repre- 
sented by a line on arithmetic probability 
paper. They can, however, be performed 
arithmetically by the solution of the cubic 
equation given by Austin 74 for D, which 
is equivalent to the quantity M used here. 

In addition to these indirect methods of 
determining specific surface by calculation 
from the size analysis, Carman 76 has shown 
that the specific surface of fine powders 
may be measured directly by determining 
the resistance to flow through a bed of 
known void volume of a fluid flowing in the 
viscous regime. Under these conditions, the 
specific surface, in terms of the actual vol- 
ume of solids in the powder, is given by : 

*- 14 <r^ <") 

where S 0 is the specific surface per unit 
volume of powder, e is the volume of voids 
in the bed, v is the kinematic viscosity of 
the fluid used in the determination, and K 
is the hydraulic gradient, or loss of pressure 
per unit length of flow path, per unit ve- 
locity. The specific surface per unit weight 
is obtained by dividing by the apparent 
density of the material. The papers re- 
ferred to are devoted to showing that the 
equation does hold for a large number of 
powders whose surfaces could be calculated 
from microscopic analysis and for mixtures 


s a . 


erf 

[~ log b — log M + log 2 (T g 

— erf 

log a — log M + log 2 1 

L V 2 log <T e 

V2 log a e 

erf 

log b — log M 
V2 log <r g 

log a - 
— erf r 

V2l0g (T g _ 



( 10 ) 


where S a ~b represents the specific surface 
between the size limits a and b and S repre- 

75 Gabinskii, Y. O., and Badanova, S. I., Fuel , 
16, 85-92 (1937). 


of powders of different particle sizes, each 
of whose surfaces was determined by this 


76 Carman, P. C., 
225-34T (1938), 58, 


J. Boo. Ohem. Ind 
1-7T (1939). 


57 , 
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method. The method has been applied by 
Lea and Nurse 77 with a simplified appara- 
tus, illustrated in Fig. 2, and with air as 
the measuring fluid. They showed that, if 



Perforated Brass 
Plate >f 6 " Thick 


Fig. 2. Apparatus for determination of spe- 
cific surface of powders by Carman’s method 
according to Lea and Nurse. 77 


the pressure drop through the manometer 
used for the measurements of flow rate and 
that through the powder are measured by 
the same liquid, the specific surface per unit 
mass, S w , is 


14 je 3 Ah i 

p(l - € ) \ CLfo 


( 12 ) 


where p is the apparent density of the ma- 
terial, A is the cross-sectional area of the 
bed of powder, L its depth, h x and h 2 the 
readings of the pressure drop and flowme- 
ter manometers, respectively, and C the 
flowmeter coefficient defined by: 


Q = C h ^ 


(13) 


where p 4 is the density of the manometer 
fluid, p is the absolute viscosity of the air, 
and Q is the rate of air flow through the 
manometer. The measurements of specific 
surface were found to be independent of 
the diameter of the measuring cylinder for 
cement powders, and independent of air- 
flow rate in the neighborhood of rates of 
flow given by: 


Q 


= 1.5 X 10" 4 


(14) 


The method has not been used for the 
measurement of the specific surface of beds 
of large particles, but it probably could be 
if the container in which the measurements 
are made is large enough in cross section to 
eliminate wall effects. It may, however, be 
more convenient to calculate the specific 
surface of large pieces, for which the ex- 
perimental determination of shape factors 
is reasonably easy, 78 and to reserve this 
method for surface measurements on pow- 
ders for which the determination of shape 
factors verges on the impossible. 

Coke Strength. The most common meas- 
urements of coke strength are its resistance 
to shatter in the standard American test 
and its resistance to degradation by tum- 
bling as in the American tumbler or in the 
Cochrane test or in the “Micum” tumbler. 


77 Lea, F. M., and Nurse, R. W., ibid., 58, 78 Needbam, L. W., and Hill, N. W. t Fuel , 14, 

277-83T (1939). 222-30 (1935). 
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In addition to these, there are a number of 
other tests of coke strength, some of them 
merely modifications of the standard tests 
devised for study of smaller samples than 
can be used in the standard ones or dic- 
tated by the experimenter’s personal pref- 
erences,, and others altogether different in 
principle. The modifications will be de- 
scribed with the standard test to which 
they approximate; the others, in a later 
paragraph. 

(a) Shatter Test. The American stand- 
ard shatter test 79 is so well known that 
only a brief description is necessary. Fifty 
pounds of coke, all over 2 inches in size, 
is dropped four times from a height of 6 
feet on a steel plate, and the resulting de- 
graded product is sieved on 2-, 1%-, 1-, 
and V 2 -inch screens. The shatter index is 
frequently reported as the percentage by 
weight remaining on the 2-inch screen, but 
reporting the complete size analysis is a 
practice much to be preferred and is, in 
fact, specified in the standard. The coke 
is dropped from a box 18 inches wide, 28 
inches long, and about 15 inches deep, hav- 
ing doors on the bottom, hinged lengthwise 
and latched so they swing open freely and 
do not impede the fall of the coke. The 
box is usually supported by counterweighted 
cables, although other arrangements have 
been suggested, 23 so that it may be lowered 
for convenience in shoveling the broken 
coke back into it between drops. 

The British standard test 61 is essentially 
the same as the American except for the 
more rigorous specification of the method 
of sampling coke for the test, and of the 
number of tests to be made and their agree- 
ment. In both respects the British test is 

79 Am. Soc. Testing Materials Standard 
D141-23. Kinney, S. P., and Perrott, G. St. J., 
Ind. Eng. Chem ., 14 , 926-31 (1922). Braun- 
holtz, W. T. K., Nave, G. M., and Briscoe, H. 
V. A., Fuel, 7, 100-17 (1928). Briscoe, H. V. A., 
and Marson, C. B., iMd 10 , 46^71 (1931). 


probably an improvement on the American 
one. Whereas the American standard speci- 
fies that 75 pounds of full-length pieces 
shall be taken as a gross sample, the Brit- 
ish specification calls for 250 pounds of 
pieces larger than 2 inches, collected by in- 
crements of single pieces distributed evenly 
over the whole consignment, and repre- 
sentative of the sizes of the lumps in the 
consignment. It is hard to believe that a 
gross sample of 75 pounds of full-length 
pieces can be even approximately repre- 
sentative of a consignment of any size, and, 
in fact, careful workers in this country have 
almost invariably used much larger gross 
samples. Whereas the American standard 
recommends that several tests be made, and 
that the average sizing be reported, the 
British standard specifies that at least three 
tests shall be made, and further requires 
that “If the average deviation of the indi- 
vidual results from their mean exceeds 2.5 
and 1.5 units with the 2- and 1%-inch 
screens, respectively, a further series of at 
least two tests shall be made and the aver- 
age of all the results taken.” It seems de- 
sirable that the American standard be modi- 
fied to conform with this practice. 

According to Briscoe and Marson, 79 the 
variability of the results of shatter tests, as 
measured by the deviation corresponding to 
a probability of occurrence of once in 11 
times, depends on the coke and on the in- 
dex taken. Thus, for 2 Durham, 1 Cum- 
berland, and 1 Scottish cokes these devia- 
tions were 1.9, 2.2, 2.7, and 2.2 percent for 
the 2-inch index and 0.8, 1.1, 1.9, and 2.0 
percent for the 1%-inch index, respectively. 
Mott and Wheeler 80 have given probable 
errors (about 0.4 times the 1/11 error) for 
the 1%-inch index ranging from 0.58 for a 
Durham coke to 1.35 for a Scottish one. 
Results obtained in the Coal Research Lab- 

80 See p. 121 of ref. 67. 
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oratory for a single blast-furnace coke of 
standard deviations of 1.2 percent in the 
2-inch index (probable error = 0.81) are 
in the same range as those observed in 
England. 

The shatter test has been criticized for 
not placing an upper limit on the size of 
pieces taken for test, 81 which is probably a 
just criticism if the object is to measure a 
criterion of strength only; on the other 
hand, if, as seems to be frequently true, the 
measurement desired is a combination of a 
criterion of strength with an estimate of 
the amount of large coke that will remain 
after a specified amount of handling, the 
present specification is the proper one. It 
is based on the work of Kinney and Per- 
rott 79 who found smaller deviations of the 
results of individual tests when full-length 
pieces were taken. Several of the Euro- 
pean unstandardized shatter tests use coke 
sized between upper and lower limits. 

Though some of the European workers 
use a shatter test from a 2-meter height, 
comparable to the American and British 6- 
foot drop, s - a greater height of drop is 
more common. Tobler 83 described a test 
in which 20 kilograms (44 pounds) of coke 
sized between 60 and 90 millimeters is 
dropped four times from a height of 3 me- 
ters (9.8 feet), the percentages remaining 
on 15-, 25-, 40-, and 60-millimeter sieves 
being determined after each drop. The 
shatter index reported in his work, how- 
ever, was the percentage between 60 and 
90 millimeters after four drops. An even 
greater difference from the standard meth- 
ods is exhibited by a test 84 in which 100 

si Yancey, H. F., Zane, R. El., Fatzinger, R. 
W., and Key, J. A., V. 8. Bur. Mines , Tech. 
Paper 597 (1939), 44 pp. 

82 Jenkner, A., Kxihlwcin, F. L., and Hoff- 
man, H., Gliickauf, 70, 473-81 (1984). 

83 Tobler, W., Schweiz. Gas- u. Wasserfach., 
Monats-Bull 19, 32-6 (1939). 

84 Runte, K., and Bruckner, H., Gas- u. Was- 
serfach , 82, 162-3 (1939). 


kilograms (220 pounds) of coke between 
40 and 60 millimeters is dropped from a 
fork held 3.5 meters (11.5 feet) above a 
cement floor, the fork being moved around 
so that the falling coke will land on the 
floor and not on other pieces of coke. It 
would seem difficult to standardize this test. 

In order to apply a shatter test to cokes 
made on a small laboratory scale, Burdekin 
and Mott 85 described a test in which from 

2 to 10 grams of coke screened on a 5-mesh 
sieve may be used. The coke was dropped 
three times inside of a vertical glass tube, 

3 inches (75 millimeters) in diameter, 3 
feet (0.916 meter) long, on a shallow glass 
dish. The “hardness” reported was the per- 
centage by weight of the original coke re- 
maining on a 60-mesh sieve, but as this 
value was found to be closely correlated 
with a laboratory-scale abrasion-test value, 
obtained by a method described below, lit- 
tle work has been done with the method. 
It seems possible that, if a larger screen 
were used for determining the results of 
the laboratory shatter test, it might be of 
value in comparing the cokes obtained 
under carefully controlled conditions in 
laboratory-scale carbonization experiments. 

The unwieldiness of the method of re- 
porting shatter-test results has led to con- 
siderable search for simpler ways of giving 
this information than the complete screen 
analysis. Yancey and his coworkers 81 sug- 
gested the use of a single friability index, 
calculated from the results of the shatter 
test, which represents the degree of degra- 
dation of size suffered by the whole coke 
during treatment. Mott and Wheeler, in 
the First Report of the Midland Coke Re- 
search Committee, 86 laid a good deal of 
stress on the relation between the 2- and 

85 Burdekin, L., and Mott, R. A., Fuel , 12, 
236-9 (1933). 

so Mott, R. A., and Wheeler, R. V., Coke for 
Blast Furnaces , The Colliery Guardian Company, 
London, 1930, pp. 100-7. 
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the 1%-inch indexes, but in the later re- 
port 87 this emphasis has been dropped. As 
mentioned above, it has been found in the 
Coal Research Laboratory that the results 
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Fig. 3. Size distribution of cokes after shat- 
ter test to arithmetic probability coordinates. 

Coke 



Carbonisation 

Tempera- 

Coke 

Method 

ture, °F 

L 

Horizontal retorts 

1,910 

B 

Continuous vertical retorts 


R 

Small intermittent vertical 

retorts 1,952 

S 

Large intermittent vertical 

retorts 

U 

Byproduct coke ovens 

1,993 


All cokes made from Pittsburgh Seam coal. 

of shatter tests can almost always be repre- 
sented as straight lines on arithmetic prob- 
ability paper. An example is shown in Fig. 
3, in which the shatter tests of five cokes 
made from the same coal in different types 
of plants 88 are plotted. The data fit the 
straight lines well within their precision; it 

87 See pp. 115—131 of ref. 67. 

88 Anon., Proc. Am. Assoc., 19 36, 1106-18. 


will be observed that the slope and position 
of the lines appear to be nearly independent 
of the method of coking and to be deter- 
mined largely by the coal and the tempera- 
ture at which it was carbonized. This re- 
sult is the more remarkable in view of the 
facts that the carbonization equipment 
covers almost the whole range of commer- 
cial practice, and that, though the size dis- 
tribution of the coke discharged from the 
ovens or retorts represented straight lines 
on these coordinates for every coke but 
that designated “B,” even this coke shows 
the same shatter-test characteristic as the 
others. 

The relations between the coal character- 
istics and the conditions of carbonization 
on the one hand, and the results of the 
shatter test on the other, will be considered 
at greater length in a later section. At 
present it may be noted that the entire 
shatter test is represented by the specifica- 
tion of the mean and the spread character- 
izing the line on arithmetic probability pa- 
per determined by the size analysis of the 
shattered coke. In conformity with the 
nomenclature above in connection with the 
specification of coke size, these two criteria 
will be hereafter represented by M 8 and S 8 , 
the mean and the spread of the distribu- 
tion, respectively, the subscript $ being used 
to differentiate these characteristics of the 
shatter test from the same characteristics 
of the size distribution. 

( b ) Tumbler Tests . Three diff erent tum- 
bler tests are more or less generally em- 
ployed: the American standard, 89 the Brit- 
ish standard or Cochrane, 90 and the “Mi- 

89 Am. Soc. Testing Materials Standard D294- 
29. Kinney, „S. P., and Perrott, G. St. J., in 
ref. 79. Haven, W. A., Yearbook Am. Iron Steel 
Inst., 16, 171-210 (1926). Powell, A. K., and 
Gould, D. W., Ind. Eng. Ohem., 20, 725-9 
(1928). 

90 British Standard Specification 735 (1937). 
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cum .” 14 > 01 These tests are alike in that, 
in each of them, a charge of coke of speci- 
fied weight and particle size is placed in 
a horizontal cylinder of stated dimensions, 
which is then rotated for a specified time 
at a specified rate. The degraded coke is 
removed and sieved, the percentages on 
certain screens being given as results of the 
test. The similarities and differences among 
these tests are shown in Table VI. All the 


to 25 percent as in other drum tests, and 
rotated at 23 rpm for a half hour, when 
the charge is screened on a %-inch sieve; 92 
or, as later modified, 93 rotated at 60 rpm 
for 12 V 2 minutes and then sieved on an 
%-inch screen. The first modification was 
compared with the results of a “true 77 
abrasion test, in which the weight loss of 
a sample of coke held against a grinding 
wheel with a known pressure was deter- 


TABLE VI 


Specifications for Tumbler Tests 


A.S.T.M, 


B.S.S. 


Micum 


Drum 

Diameter 

Length 

Lifters, number 
Size of angles 
Rotated at, rpm 
for 

Sample weight 
Sample sizing 

Sizing of degraded 
coke reported on 


36 in. 

IS in. 

2 

2 in. X 2 in. X M in. 
24 zb 1 
1,400 rev. 

22 lb 

2 in. sq X 3 in. sq 

2 in., 1.5 in., 1.050 in., 
0.525 in. and 0.263 
in., all sa mesh 


30 in. 

18 in. 

2 

V /2 in. X 23^ in. X % in. 
IS =b 2 

1 , 000 rev. 

281b 

2 in. sq. X 3 in. sq 
Ys in. sq mesh 


1 , 000 mm 

1 , 000 mm 
4 

100 mm X 100 mm 
25 dz 1 
100 rev. 

50 kg 

To be taken with fork with 
50 mm between prongs 
100 mm, 80 mm, 40 mm, 
20 mm, 10 mm round 
hole 


* Angles inclined 17° to horizontal plane through axis of drum. 


drums are equipped with lifters so that the 
coke is allowed to drop freely in all of 
them, resulting in a certain amount of shat- 
tering action. The tests are supposed to be 
of particular value, however, in indicating 
the resistance of the coke to abrasion. 

The discovery 91 that the results of the 
Micum test actually were parallel to the 
shatter test led Mott and Wheeler to a 
search for a test that produced a more 
nearly true abrasive action. This led to 
the development of one in which a constant 
volume, rather than a constant weight, of 
coke is charged into a drum which is 75 
percent filled by the charge, instead of 10 

si Haiisser, F., Stahl u. Eteen, 45, 878-85 
(1925). See also pp. 80-1 of ref. 67. 


mined, when it was found that a series of 
seven cokes was placed in nearly the same 
order in both tests, although this order dif- 
fered materially from that in which the 
cokes were placed when the drum was 
filled with a constant weight of coke 94 On 
the other hand, the results of these tests 
also correlated closely with the quantity 
retained on the %-inch screen after the 
shatter test, 95 so that Mott and Wheeler 
reached the conclusion that, “in general 
• . • cokes for which the %-inch index falls 
below 97.0 may be found to be ‘abrada- 
ble. 7 77 

92 See pp. 82-93 of ref. 86. 

93 See pp. 109-12 of ref. 67. 

94 See Table XXV, p. 87, of ref. 86. 

95 See p. 112 of ref. 67. 
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It has been found in the Coal Research 
Laboratory, by an analysis of steel-plant 
data, that the correlation between the 2- 
inch shatter indexes and the 1-inch tumbler 
index on 139 samples was +0.33, whereas 
the correlation between the shatter index 
and the amount remaining on the %-inch 
screen after the tumbler test was only 
—0.11. Although neither the tumbler nor 
the shatter test in this comparison was the 
standard test, the results are probably, 
nearly parallel to those of the standards. 
Thus, this result indicates that, not only 
is the tumbler-test result similar to that 
found by shatter testing when the %-inch 
shatter is compared with the %-inch tum- 
bler value as found by Mott and Wheeler, 
but also the comparison still holds, although 
not, perhaps, so closely, when the 2-inch 
shatter-test result is compared with the 

1- inch tumbler-test result. On the other 
hand, the correlation coefficient between the 

2- inch shatter and the H-inch tumbler re- 
sults is so low that it is very probable that 
these quantities measure quite different 
properties of the coke. 

Yancey and his co workers have recom- 
mended a friability index for quoting the 
results of the tumbler test also, 81 and they 
show that its use includes the effects of 
.changes in both the 1.05-inch index or “sta- 
bility factor,” and the 0.263-inch index or 
“hardness factor.” In view of the result 
of the last paragraph, however, it is ques- 
tionable whether this procedure may not 
defeat its own end; the quantity remaining 
on the smallest screen appears to measure 
most uniquely the property for whose de- 
termination the tumbler test supplements 
the shatter test. This conclusion is sup- 
ported by the British Standard test, 90 in 
which the percentage remaining on an %- 
inch screen is the only quantity reported. 
The significance of this quantity was deter- 
mined from experience in blast-furnace 


practice, 96 in which it was found that when 
this index fell below 74 the driving of the 
furnaces became more difficult. 

When the results of the American stand- 
ard tumbler test are plotted to arithmetic 
probability coordinates, 97 it is found that 
the results of the sieving on screens having 
openings of 1 inch or larger tend to fall 
on straight lines, just as the results of the 
shatter test do, but that the proportion 
passing the smaller sieves is very much 
larger than corresponds to the extension of 
the line. Thus, it appears that the pro- 
duction of sizes of 1 inch and larger in 
the tumbler test is due to action very simi- 
lar to that in the shatter test, in agreement 
with the results noted by Mott and 
Wheeler, 67 by Braunholtz, Nave, and Bris- 
coe, 14 and by Kinney arid Perrott. 79 On 
the other hand, the production of fines is 
evidently due to some other mechanism, 
presumably one of abrasion, so that either 
the proportion of fines produced, or the 
deviation of the amount of fines produced 
from that expected by extension of the 
straight line .representing the size analysis 
of the larger sizes, may be expected to be 
an estimate of the susceptibility of the 
coke to degradation by abrasion and might 
be expected to be parallel to the results 
of the Sheffield drum abrasion test. 94 
Bunte and Bruckner 84 found that the per- 
centage remaining on the 40-millimeter 
sieve after the Micum test was usually but 
not invariably parallel to the percentage 
on the same screen after their shatter test, 
and they - considered the departures from 
the proportional relation between shatter 
and tumbler test of great significance. 

As is true of the shatter test, various 
small tumbler tests have been developed 

96 Cochrane, G. D., J, Iron Steel Inst. {Lon- 
don), 97, 141-50 (1918). 

97 Lowry, H. H., and Mayers, M. A., Iron 
Steel Engr., 20, No. 2, 36-46 (1943). 
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for the comparison of cokes produced on 
a laboratory scale. The Nedelmann trom- 
mel S2 ’ 98 is a hammer-mill consisting of a 
drum 350 millimeters in diameter, 75 milli- 
meters long, having four curved lifters on 
its internal wall. It also has three swing 
hammers within the drum, each approxi- 
mately 25 millimeters long, which are ro- 
tated from the central shaft at 55 times 
the rate of rotation of the drum, which is 
about 169 rpm. One hundred grams of 
coke sized between 15 and 20 millimeters 
is treated in the drum for 1 minute, and 
the product is sieved on a 10-millimeter 
screen. The average of three determina- 
tions which differ among themselves by not 
more than 3 percent is reported as the 
tumbler index. A comparison of this test 
with the Mieum trommel 82 test is shown 
in Table VII. 

TABLE VII 


Comparison of Micum (Large-Scale) and 
Nedelmann (Small-Scale) Drum Tests 82 


Weight of sample 

Sizing of sample, mm 

Micum 

50 kg 
>50 

Nedelmann 

100 grams 

15 x 20 

Sizes reported after r 

' 


test, mm 

+40 - 10 

+10 -1 

Coke 1 

85.1 7.6 

87.7 8.6 

Coke 2 

87.1 

89.7 6.9 

Coke 3 

81.5 7.9 

82.6 8.0 

Coke 4 

81.4 8.6 

82.8 7.2 


Another small-scale test which has been 
correlated with the results of the Micum 
trommel has been reported by Simek and 
Coufalik. 00 In this test, the sample of 
coke (no sample weight or size limits were 
given) is placed in a drum similar in all 
respects to the Micum drum, but reduced 
in all dimensions in the ratio of 3 to 10, 
and is rotated at 25 rpm for 50 minutes. 
The authors deduced that the ratio of the 

98 Broche, H., and Nedelmann, H., Q-luckauf, 
68, 770 (1932). 

99 gimek, B. G., and Coufalik, F., Mitt. Koh- 
lenforsch . Inst. Prag, 2, 262-79 (1935). 
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times required in the Micum and their 
small drums should be in the inverse ratio 
of the squares of the diameters for equal 
results in the two tests. Since the Micum 
is rotated for 4 minutes, the small drum 
should require 44.4 minutes for the same 
amount of degradation. However, their re- 
sults in the small drum, though approxi- 
mately parallel to the results of the Micum 
test for different coals, differed consistently 
from them. 

Mott and Shimmura have also reported 
a small-scale test of abrasion. 100 In this 
test 4 grams of coke sized between Nos. 5 
and 10 I.M.M. sieves were rotated in a 
brass cylinder 1 inch in internal diameter 
and 1 inch long at 20 rpm for 30 minutes. 
The product was screened on 10-, 20-, and 
60-mesh sieves, and the percentage passing 
the 60-mesh was reported as the abrasion 
index. No correlation of the results of this 
test with full-scale tests was reported. 

(c) Other Abrasion Tests. Several work- 
ers have attempted to set up true abrasion 
tests, either in the hope of developing a 
useful test for routine work or as a method 
of calibrating a drum test. These have 
failed to be useful for more than a research 
tool because the requirement that a small, 
shaped sample be used makes representa- 
tive sampling of large amounts of coke im- 
possible; their value, even as a research 
tool, is limited because of the differences 
among different pieces of coke even when 
produced under carefully controlled labora- 
tory conditions. Mott and Wheeler 92 and 
Bahr and Eallbohmer 101 used teste in 
which a smoothed surface of a cube of 
coke was held against an abrasive wheel 
under a known pressure, and the weight 
loss in a fixed time was determined. Mott 

100 Mott, R. A., and Shimmura, T., Fuel, 7, 
486 (1928). 

101 Bahr, H., and Fallbohmer, F., G-as - u. Was- 
serfach , 69, 909-12, 929-32, 943-7 (1926). 
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and Wheeler used pressures of 1, 2, and 3 
pounds per square inch on the faces of a 
2-inch cube, with a grinding wheel speed 
of 1,750 rpm, and held the sample in place 
for periods of 15 seconds. They found 
average rates of loss of weight that were 
independent of the pressure and ranged 
from about 2 to about 5 grams per 100 
square centimeters of surface, but the re- 
sults were not very precise. Bahr and 
Fallbohmer used a pressure of 200 grams 
per square centimeter (2.85 pounds per 
square inch), a wheel speed of 100 rpm, 
and times of 3 minutes; they reported their 
results as the inverse of the weight loss, 
in grams, from a square centimeter section. 

Shriek and Coufalik 99 also set up a 
“true” abrasion test in which a circular 
space 40 millimeters in diameter was ex- 
posed to the action of a standardized sand 
blast for 3 and 6 minutes and the weight- 
loss determined. They found that cokes 
differed in that some lost more weight from 
faces parallel to the walls of the oven than 
from faces transverse to those walls, 
whereas in others the reverse was true. 
Mott and Wheeler, 92 however, found that 
all their cokes but one lost weight faster 
from faces parallel to the wall than from 
transverse faces. 

A so-called pressure abrasion test has 
been developed 102 and rather extensively 
used in Germany. This test, which ap- 
proximates the conditions to which coke is 
exposed in the blast furnace, is illustrated 
in Fig. 4. The coke, as received at the 
blast-furnace plant, is charged into the 
stack and forced out through the weighted 
bottom doors by a piston driven by feed 
screws in the same way as the head on a 
tension-test machine. The pressure re- 
quired to force the coke out through the 
bottom doors is nearly independent of the 

102 Wolf, W., StaM u . Msen, 48, 38-8 (1928). 
KUrmer, J., Feuerungstech,., 19, 194-6 (1931). 


size of the coke and of its abradability, 
and the machine and its operation have 
been very carefully standardized. The 
product emerging from the machine is 
screened on a 30-millimeter round hole 
sieve, and the percentage passing the sieve 
is called the “pressure abrasion value.” 



The bulk density of the coke is observed 
at the same time as the pressure abrasion 
test is made by weighing the coke required 
to fill the machine, whose volume is Vs 
cubic meter (11.77 cubic feet). No relation 
was found between the results of the 
Micum trommel and the Wolf tests. Sev- 
eral examples were given where the Wolf 
test indicated poor quality of the coke, 
which was subsequently substantiated by 
the operation of the blast furnaces, when 
the tumbler test showed no change in the 
quality of the coke. Moreover, it was 
shown that, whereas the tumbler test was 
quite sensitive to changes in cokes resulting 
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from differences in the width of the ovens 
in which they were made, the results of 
the Wolf test were practically independent 
of such effects. If it should be found that 
correlation of the results of blast-furnace 
operation with the properties of coke that 
are usually measured in this country fails 
to give statistically significant criteria of 
coke quality, it seems that the Wolf test 
might be further investigated here to de- 
termine whether it may supply the re- 
quired criterion. 

(d) Other Tests of Coke Strength. One 
of the first tests of coke strength that was 
used was the determination of its crushing 
strength, or ultimate strength in compres- 
sion. 21 ’ 98 ’ 103 This test was of limited 
value because, like the true abrasion tests 
described above, it requires a cut sample 
which cannot be representative of the coke, 
and the values obtained vary over wide 
limits. Moreover, the result of the test 
does not appear to be significant since the 
compressive strength of all coke is much 
greater than any load to which it is sub- 
jected in practice; the possible influence 
of the compressive strength of coke in de- 
termining its behavior in use is of low order 
by comparison with that of its resistance 
to breakage by shock or its resistance to 
degradation by abrasion. Hence, this test 
is seldom used nowadays. 

A test, similar in that a known amount 
of energy is expended, has been standard- 
ized by Gabinskii and Badanova. 75 In this 
test a weight (5, 10, and 15 kilograms in 
successive series) is dropped from a height 
of 1 meter on each of a series of 15 pieces 
of coke, which are presumed to be repre- 
sentative of the coke tested. In the par- 
ticular form of the test used by these au- 
thors, the increase in surface of the coke 

103 Perrott, G. St. J., and Fieldner, A. C., 
Proo. Am. 8oc. Testing Materials 23, II, 475-93 
(1923). 
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due to crushing was calculated from the 
size analysis of the crushed coke and the 
results of the test were expressed as the 
ratio of the specific surface of the crushed 
coke to that of the original coke as a func- 
tion of the amount of work done in kilo- 
gram-meters. Although the test may be 
of value in research on coke properties, it 
is probably too tedious for general use. 

Tests similar to this in principle, how- 
ever, have been developed by the Northern 
Coke Research Committee 15 > 104 and in the 
Coal Research Laboratory 105 to measure 
the strength of the basic coke substance, 
rather than that connected with its liability 
to break along fissures or at points of 
weakness; they are adapted to the use of 
the small samples produced in laboratory 
investigations. The Warren test could also 
be employed for large-scale samples since 
a sample of 10 grams of coke crushed to 
pass a No. 60 and remain on a No. 100 
U. S. Standard Mesh Sieve can be repre- 
sentative of as large a volume of coke as 
may be desired, provided that the sample 
reduction is properly carried out. 66 In the 
Warren test, the sample is ground in a 6- 
inch-diameter rod mill, 6 inches long, con- 
taining a charge of 22 cold-rolled steel rods 
% inch in diameter weighing 3,050 grams, 
for 150 revolutions of the mill. An inves- 
tigation of the extent of the new surface 
formed by milling showed that all the cri- 
teria placed a series of cokes in the same 
order, and so the simplest one, the percent- 
age of the original coke remaining on a 
100-mesh screen after grinding, was 
adopted. This measure of strength was 
found to increase with the temperature of 
formation of cokes made from the same 
coal, in contrast with the shatter index, 
which decreases as the carbonization tem- 

104 Anon., Fuel , 16, 148-51 (1937). 

105 Warren, Wm. B., Ind. Eng. CUem 27, 72-7 
(1935). 
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perature increases. In the Northern Coke Density , Specific Gravity , and Pore and 

Research Committee “micro-strength” test, Void Volume. The basic test of this group 
2 grams of coke crushed to pass a No, 14 is that of bulk density because the skips 
and remain on No. 25 British Standard supplying coke to blast furnaces are usually 
sieve is charged into a tube 1 inch in in- loaded by volume rather than by weight, 
ternal diameter and with an inside length When the apparent density of the coke is 
of 12 inches, with 12 steel balls, 94a inch also known, the void volume in the bed of 
in diameter. Two such tubes are mounted coke can be calculated by the relation: 
at right angles to each other and to the 

axis of a drive shaft, by which they are 0 = 1 — (15) 

turned end for end at 25 rpm for 800 revo- ' 

lutions. The results of the test were ex- where v is the volume of voids, expressed 
. pressed as the percentage of the original as a fraction; d b is the bulk density in 

coke remaining on the No. 25 and the No. pounds per cubic foot, and g a is the ap- 

72 British Standard sieves. As shown in parent specific gravity of the coke. 

Table VIII, the micro -strength indexes The bulk density, or weight per cubic 
bear no apparent relation to the results of foot, of coke is determined by filling a 
the shatter or tumbler tests on the same weighed box of known volume with coke 

coke. In fact, this test, like the Warren and weighing again, when the bulk density 

test, is adapted to the measurement of the is the weight of the coke divided by the 

strength of the basic coke material, not of volume of the box in cubic feet. The vari- 

its conglomeration into pieces of coke. ous standard methods for its determination 

TABLE VIII 

Comparison of Northern Coke Research Committee Micro Strength with Resistance 

to Shatter 104 


Shatter N.C.R.C. 


Percent on 

Percent on 

Percent on 

Percent on 

Coke 

2-Inch 


No. 25 

No. 72 

509 

75 

90 

5 

66.5 

510 

86 

93 

16 

69 

511 

84 

91 

11 

64.5 

512 

71 

80 

11 

62.5 

513 

77 

88 

14.5 

65 

514 

82 

91 

16 

66 

379A Wall ends of full-length pieces 

71 

86 

27.5 

73 

379B Inner ends of full-length pieces 

72 

85 

15.5 

68 

57a Lab. coke, 0.2 pound per square 





inch pressure 



0 

0 

57e External pressure, 3 pounds per 





square inch 



0.5 

9.5 

57c External pressure, 10 pounds per 





square inch 



7.5 

49 

57g External pressure, 20 pounds per 





square inch 



13 

59 
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specify that the coke shall be dropped into 
the box from a shovel, held a short dis- 
tance, usually 2 inches, above the edge of 
the box, and that the box shall not be 
shaken, dropped, tapped, or tamped in any 
way while the coke is being added. The 
coke is leveled by hand, and the leveling 
is checked by laying a straight edge across 
the upper edges of the box. The American 
standard 106 calls for the use of an 8 cubic 
foot box, 2 feet on each inside edge. It 
specifies that for coke larger than 1 inch a 
sample of not less than 300 pounds shall be 
taken; for smaller coke, not les& than 50 
pounds is required for a sample. For 
proper interpretation of the result, a mois- 
ture determination and size analysis are 
required. A 1 cubic foot box, 12 inches 
on each side edge, may be used for the 
determination when the coke is smaller 
than 1 inch. The British standard 61 speci- 
fies a 2 cubic foot box, 15% inches on each 
inside edge, and requires that the coke for 
the test be taken from the shattered sample 
produced by the application of the stand- 
ard shatter test. The use of the sample 
from the shatter test may be expected to 
give higher values, on the average, for the 
British test than for the American test 
run on comparable cokes. Because of the 
possible errors introduced by wall effects 
when the bulk density of large coke is de- 
termined, even in so large a container as 
an 8 cubic foot one, the United States 
Steel Corporation 107 also gives a method 
for making this determination on a rail- 
road car full of coke. This precaution is 
supported by the results obtained by 
Killing, 108 who observed a bulk density 3 

106 Am. Soc. Testing Materials Standard 
D292-29. 

107 U. S. Steel Corporation, Chemists’ Commit- 
tee, Sampling and Analysis of Coal , Coke and 
By-Products^ 3rd ed., Carnegie Steel Co., Pitts- 
burgh, 1929, p. 38. 

los Killing, A., Stahl u . Msen, 51, 901-5 
(1931). 


percent higher in a railroad car of 38 cubic 
meter capacity than was obtained in a 1 
cubic meter measure for the same coke. 

Because of the irregularity and porosity 
of coke, its apparent density may vary, 
depending on the method of its determina- 
tion. For this reason, it is desirable that 
the method for this determination be de- 
scribed; if a standard method is followed, 
any deviation from the standard should be 
mentioned. Two methods are in general 
use: one is applicable to large samples that 
may be made representative of commercial 
shipments; the other requires individual 
treatment of each particle and so is 
adapted only to laboratory work. 

The British Standards Institution has re- 
fused, thus far, to set up a specification for 
a standard method of determining appar- 
ent specific gravity because of the difficul- 
ties mentioned above, but the A.S.T.M. 
does give a standard method for the de- 
termination. 109 About 25 pounds of coke, 
larger than 1 inch, is suspended in a wire 
cage after being weighed, then immersed in 
a large vessel with an overflow spout, 
which has been filled to the overflow with 
water with the cage suspended in the ves- 
sel. After the coke has been immersed for 
15 minutes with occasional shaking to dis- 
lodge air bubbles, the water is allowed to 
overflow down to its original level, the 
overflow being caught in a tared bucket. 
The coke is then withdrawn and, after 
draining for 1 minute, is weighed wet, and 
the amount of water in the overflow bucket 
is determined. The apparent specific grav- 
ity is determined by 

; h r) (I6 > 

where A is the weight of the dry coke, B 
the weight of water displaced by the coke, 

loo Am. Soc. Testing Materials Standard 
D167-24. 
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and C is the weight of wet coke. Essen- 
tially similar methods have been used by 
the U. S. Steel Corporation/ 10 and by 
Mott and Wheeler, 111 except that these au- 
thorities determined the weight of water 
displaced by weighing the coke in the 
water, rather than by catching and weigh- 
ing the overflow, and in the method de- 
scribed by Mott and Wheeler the water in 
which the coke was immersed was boiled 
for V2 hour to expel all the air in the 
“open” pores. Results by this method 
were compared with those obtained by the 
normal boiling method, and average devia- 
tions from the mean about % to V2 as great 
were observed; the mean values agreed 
within 2 percent. No comparison between 
the results obtained by the American 
method, without boiling, and those ob- 
tained when the displacing liquid is boiled 
is known. In view of the length of time 
that must be taken to cool the large bath 
of water, it seems hardly likely that the 
accuracy of the results is increased suffi- 
ciently by this procedure to justify it. 
Furthermore, the possibility of the intro- 
duction of serious errors by failure to cool 
quite down to the standard temperature is 
greatly enhanced. 

Another common method for determining 
apparent specific gravity involves the coat- 
ing of individual pieces of coke by paraffin 
and the determination of the volume of 
water displaced by the smooth-surfaced 
bodies thus produced. 112 This involves the 
handling of many pieces separately in 
order to obtain results representative of a 
large consignment of coke and thus is not 
suitable for general use. Sometimes, though 

110 See pp. 59-60 of ref. 107. 

111 See pp. 73-7 of ref. 67. 

112 Nave, G. M., J. Soc. Chem . Jnd.j 46, 
158-9T (1927). Hoffmann, F. G., Brennstoff- 
Chem 11, 297—9 (1930). Stadnikoff, G., ibid., 
11, 330-1 (1930). 


usually only on a laboratory scale, 118 the 
weight of mercury displaced by coke is de- 
termined. This measurement is based on 
the high surface tension of mercury which 
is so great that the mercury is assumed not 
to enter even large pores in the coke; but 
the facts that the coke floats in mercury 
and that it is impossible to observe whether 
all air bubbles have been displaced cast 
doubt on results obtained in this way. 

It is to be noted that the need for high 
accuracy in the determination of apparent 
density is great or small depending on 
whether the value obtained is to be used 
for the determination of the porosity of 
the coke, defined by: 

V = 1 - - (17) 

Qt 

where p is the porosity expressed as a frac- 
tion and g t is the true density, or for the 
determination of void volume according to 
equation 15. The uncertainty in the deter- 
mination is equivalent to a somewhat 
doubtful determination of the boundaries 
of the geometrical figure which completely 
encloses the average coke particle. This 
uncertainty would result in a large pro- 
portional uncertainty in the pore volume 
of the coke, all of which is included within 
the geometrical boundary, but the pore vol- 
ume would be negligible by comparison 
with the much larger volume which exists 
between pieces. Thus, if, as appears likely 
from the considerations dealt with on pages 
867-70 of this report, the void volume in 
a bed is found to be of great significance, 
and the porosity of coke of very minor 
significance, in determining its suitability 
for use in the blast furnace a determina- 
tion of apparent specific gravity of even 
low accuracy may be adequate. 

The true specific gravity is usually deter- 

113 Drakeley, T. J., and Wilkins, EJ. T., J. 80 c. 
Chem. Ind ., 50, 334T (1931). 
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mined by charging a weighed portion of the 
finely ground coke to a tared bottle of 
known volume, partly filling it with water, 
boiling either on a hot plate or by means 
of reduced pressure to eliminate air from 
the pores of the coke, cooling, filling with 
air-free distilled water, and weighing. Spe- 
cific instructions for carrying out the test 
are given by the A.S.T.M. 109 and the Brit- 
ish Standards Institution 61 and need not 
be repeated here. Questions have centered, 
about the correct size of coke, the desirabil- 
ity of liquids other than water, and whether 
or not wetting agents should be added to 
the water. 114 Biles and Mott found better 
reproducibility of results using coke crushed 
to pass a 60-mesh screen than with that 
passing a 200-mesh screen. They also 
showed that substituting organic liquids for 
water as the displacing fluid made the ob- 
servations less precise owing to errors of 
fluid temperature, and that the use of wet- 
ting agents led to erroneous results because 
of adsorption by the coke. 

Smith and Howard 115 have shown that 
all methods of determining density by fill- 
ing the pores of as porous a material as 
coke with a liquid are open to error be- 
cause of failure of the liquid completely to 
penetrate the pores, and they described a 
method in which helium serves as the dis- 
placing fluid. They showed that large dif- 
ferences in the density of very finely por- 
ous materials, such as activated charcoal, 
may be observed using helium and a liquid, 
but that, for high-temperature cokes, at 
least, the differences were small, of the 
order of 0.03 in the specific gravity, and 

1 X4 See Nave, G. M., in ref. 112. See also 
Braunholtz, W. T. K., Nave, G.' M„ and Briscoe, 
H. V. A., in ref. 79. Neumann, B., Gross, W., 
Kremser, L., and Sclimidt, J., Brennstoff-Chem., 
15, 161—5 (1934). Hiles, J., and Mott, R. A., 
Fuel, 1C, 6-4-71 (1937). 

us Smith, R. C., and Howard, H. C., Ind. Eng. 
Chem 34 , 438-41 (1942). 


relatively constant. The determination of 
true density by displacement with helium 
is, undoubtedly, a valuable research tool, 
but it is not to be recommended for routine 
work. 

A measurement related to the porosity, 
which is usually determined from the true 
and apparent specific gravities by means 
of equation 17, is the “permeability” of 
coke, i.e., the relation between the pressure 
required to force air (or other gas) through 
the pores of the coke and the volume of 
gas flowing. 116 

REACTIVITY 

An almost infinite variety of reactivity 
tests have been elaborated for coke, de- 
pending on the particular application of 
coke in which the worker was interested or 
on his personal idiosyncrasies and prefer- 
ences. The writer has previously reviewed 
a portion of the literature on this sub- 
ject, 117 and the earlier work was very thor- 
oughly reviewed by Mezger and Pistor 118 
and by Agde and Schmitt. 119 In general, 
the methods can be divided into two 
classes: those using laboratory-scale meth- 
ods, in which an attempt is made to esti- 
mate the rate of a chemical reaction be- 
tween coke and some oxidizing gas; and 

116 Wiist, F., and Riitten, P., Mitt. Kaiser- 
Wilhelm Inst. Eisenforsch. Dusseldorf, 5, 1—12 
(1924). Swietoslawski, W., and Chorazy, M., 
Przemysl Chem., 18, 574-9 (1934). Chorazy, 
M., and Chmielinski, T., ibid., 19, 113-22 (1935). 
Golovatyi, R. N. f Coke & Chem. (U.S.S.R.) , 6, 
No. 2-3, 15-20 (1936). Idashkin, S. I., ibid., 6, 
No. 9, 71—2 (1936) ; Chimie <£ Industrie, 38, 459 
(1937). 

117 Mayers, M. A., Congr. chim. ind., 15 th 
Congr., Brussels , 1935, 2, 667—76 (1936) ; Car- 
negie Inst. Tech., Coal Research Lab . Contrib. 
36 (1936), 9 pp. 

ns Mezger, R., and Pistor, F., Die Reaktions- 
fdhigkeit des Kokses, W. Knapp, Halle, 1927, 
88 pp. 

ii9 Agde, G., and Schmitt, H., Theorie der Re- 
aktionsfdhigkeit von Steinkohlenkoks, W. Knapp, 
Halle, 1928, 165 pp. 
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those using large-scale furnaces and lump 
coke, in which the observation covers the 
rate of burning of the fuel or the compo- 
sition of the gas rising from the bed, both 
of which, as has been shown else- 
where, 17 * 120 are only slightly dependent on 
the rates of the chemical reactions con- 
cerned but are greatly influenced by the 
physical conditions under which the reac- 
tion proceeds. Thus, the term “reactivity” 
has been used to cover tests of two widely 
different properties; for clearness in this 
report, it will be restricted to designate 
only the laboratory-scale tests, and the 
others will be referred to as “burning” 
tests. 

In contrast with this too broad applica- 
tion of the term, most of those who have 
been concerned with laboratory-scale tests 
have divided them into several groups. 
They have reserved the term “reactivity” 
for tests in which the oxidizing gas 
was carbon dioxide 121 or, occasionally, 

120 Mayers, M. A., Chem. Revs., 14, 31-53 
(1934). 

121 Clement, J. K., Univ. III. Eng. Exp. Sta., 

Bull. 30 (1909), 47 pp. Clement, J. K., Adams, 
L. II., and Haskins, C. N., U. S. Bur. Mines , Bull. 
7 (1911), 5S pp. Rliead, T. P. E., and Wheeler, 
R. V., Trans. Chem. Soc ., 101, 831 (1912). 

Fischer, F., Breuer, P. K., and Broclie, H., 
Brennstoff-Chem ., 4, 33-9 (1923). Hiiusser, F., 
Stahl u. Eisen , 43, 903-7 (1923). Arend, J. P., 
and Wagner, J., Rev. m&t., 21, 585-99 (1924). 
Biihr, H., Stahl u. Eisen, , 44, 1-9, 39-48 (1924) ; 
Koppers, H., ibid., 44, 691—4 (1924). Evans, E. 
C., Colliery Guardian , 130, 143-4 (1925). Lef- 
fler, J. A., Jernkontorets-Ann., 110, 165-208 
(1926). Brender 9. Brandis, G. A., and LeNobel, 
J. W., Het Gas , 47, 37-47 (1927). Nettlenbusch, 
L., Brennstoff-Chem 8, 37-41 (1927). Dent, F. 
J., Gas J., 184, 199-200 (1928). Jungblnth, K., 
and Klapp, K., Giesserei, 16, 761-2, 787-800 
(1929). Oshima, Y., and Fukuda, Y., J. Soc. 
Chem. Ind. {Japan), 32, Suppl. Binding, 208-10, 
226-7, 251-2 (1929) ; Fuel, 9, 5, 200 (1930). 
Seidenschnur, F., and Jiippelt, A., Brennstoff- 
Chem ., 10, 195-8 (1929). Rieffel, M., Chimie & 
Industrie , 26, 280, 531 (1931). Broom, W. E. J., 
and Travers, M. W., Proc. Roy. Soc. (London), 
A135, 512-37 (1932). Bolland, C. B., and Cobb, 
J. W., J. Soc. Chem. Ind., 52, 153-9T (1933). 
Broche, H., and Nedelmann, H., Stahl u . Eisen, 


steam; 122 and “combustibility” for tests in 
which air or oxygen was used and the ex- 
tent of reaction observed by weighing or 
gas analysis ; 81 * 123 and have kept “ignition 
point” for tests in which air or oxygen was 
used and the extent of reaction observed 
by temperature measurement . 124 This dif- 

53, 144-7 (1933). Collina, C., and Giordano, 1 ., 1st . 
chim. ind. ses. combustibili, Politecnico Milano , 
4, 253-64 (1932-3). Kassler, R., Chimie <& Indus- 
trie, Special No., 315-26, June 1933. Nami- 
kawa, T., J. Soc. Chem. Ind. (Japan), 36, Suppl. 
Binding, 242-3 (1933). Roberts, J., Colliery 
Engr., 10, 220-2, 230 (1933). Cobb, J. W., 
Chaleur d ind., 15, No. 167, 377-80 (1934) 
Gevers-Orban, E., Rev. universelle mines, 10, 
313-20, 347-52, 376-86 (1934). Miiller, W. J., 
and Jandl, E., Bre?mstoff-Chem., 15, 347-51 
(1934). Reis, A., Chimie <£* Industrie, 33, 1297- 
306 (1935). Sabonadier, J., J. usines gaz, 50, 
546-59 (1935). Petrenko, I. G., Coke & Chem. 
( U.S.S.R. ), 6, No. 10, 61-5 (1936). Simek, B. 
G., Mitt. Kohlenforsch. Inst. Prag , 3, 95-106 
(1937). 

122 Pexton, S., and Cobb, J. W. r Gas J., 167, 
161-9 (1924). Ivey, A., and Cobb, J. W., J. Soc. 
Chem. Ind., 40, 439-44T (1930). Dolch, P., 
Brennstoff-Chem., 14, 261-3 (1933). Brewer, R. 
E., and Reyerson, L. II., Ind. Eng. Chem., 27, 
1047-53 (1935), 26, 734-40 (1934). Namikawa, 
T., J. Soc. Chem. Ind. ( Japan ), 38, Suppl. Bind- 
ing, 405-7 (1935). Kroger, C., and Melhorn, G., 
Brennstoff-Chem., 19, 157-69, 257-62 (1938). 

123 Koppers, H., Stahl u. Eisen, 42, 569 
(1922). Broclie, II., Brennstoff-Chem., 4, 343-6 
(1923). Fieldner, A. C., Chem. & Met. Eng., 29, 
1052-7 (1923). Hiiusser, F., in ref. 121. Holt- 
haus, C., Mitt. Dortmunder Union, 1, 194-236 
(1926). Braunholtz, W. T. Iv., Nave, G. M., and 
Briscoe, H. V. A., in ref. 79. Dengg, R. A., Fuel, 
7, 152-4 (1928). Ivreulen, D. J. W., Brennstoff- 
Chem., 10, 148-53, 168 (1929). Berlcer, E. M., 
Coke <& Chem. (U.S.S.R.), 1931, Nos. 2-3, 149-54. 
Godbert, A. L., Safety Mines Research Board 
(London), Paper 6S (1931), 9 pp. Blaydon, II. 
E., and Riley, II. L., Gas World , 99, Coking 
Sect., 116-21 (1933). Newa.ll, II. E., . Fuel, 17, 
260-5, 292-9 (1938). Finiston, II. M., J. West 
Scotland Iron Steel Inst., 47, 15-31 (1939). 

124 Arms, R. W., Univ. III. Eng. Exp. Sta., 
Bull. 12S (1922), 61 pp. Bunte, Iv., and Kol- 
mel, A.; Gas- u. Wasscrfach , 65, 592-4 (1922). 
Parr, S. W., and Staley, W. D., Ind. Eng. Chem., 
19, 820-2 (1927). Swietoslawslri, W., and Roga, 
B., Przemysl Chem., 12, 18-31 (1928). Agde, 
G., and Schnittspahn, M., Brennstoff-Chem., 10, 
257-61, 282-7 (1929). Berl, E., and Weingart- 
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ferentiation appears to be quite unneces- 
sary since it has been abundantly shown 
that all the methods mentioned are simply 
different devices for measuring the same 
property. By comparing series of cokes of 
different reactivities, it has been shown 
that the reactivity with air is parallel to 
the ignition point, 19 and the reactivity to 
carbon dioxide 125 and to steam 126 is par- 
allel to change in the ignition point; that 
the reactivity to air, to oxygen, and to 
carbon dioxide is parallel to changes in the 
ignition temperature; 101 ' 127 ' 128 and that 
the reactivities to air, to oxygen, to carbon 
dioxide, and to steam are all parallel. 129 ' 130 
Finally, all the methods of attack were 
tried and found to give parallel results in 
the work of the South Metropolitan Gas 
Company. 131 Hence, only a few examples 
of reactivity tests will be described, since 
the results of any one of the tests, executed 

ner, E., Z. physik. Chem A161, 315-24 (1932). 
Kreulen, I). J. W., Fuel, 13, 55-9 (1934). 
Brown, C. R., Fuel , 14, 14-8, 56-9, 80-5 (1935). 
Bunte, Iv., and Windorfer, K., Gas- u. Wasser - 
fach, 78, 697-701, 720-5, 737-43 (1935). Gyn- 
gell, E. S., Fuel , 14, 254-S (1935). Brown, W. 
S., and Jones, J. II., J. Soc. Chem. Ind ., 55, 
81— 6 T (1936). Markovsldi, L. Ya., KMm. Tver - 
dogo Topliva , 7, 574-85 (1936). Roberts, J., 
Gas. J ., 213, 372-4 (1930). Heinze, R., and 
Farnov, H., BraunJcohle , 36, 277-83, 300-2 
(1937). Bunte, Iv., Bruckner, H., and Bender, 
W., Gas- u. Wasser fach, SI, 178-83, 200-3 
(1938). Jostos, F., and Siebert, Iv., Oel, Kohle , 
Erdoel , Tecr , 14, 919-31 (1938). Ivlukowski, 
A., and Jarzynski, A., Przemysl Chem., 22, 406- 
11 (193S). 

125 Drakcley, T. J., J. Bog. Chem. Ind., 50, 
317-30 (1931). 

12 G Bunte, Iv., and Giessen, A., Gas- u. Was- 
ser fach, 73, 241-7 (1930). 

127 Bunte, K., Z. angeiv. Chem., 39, 132-8 
(1926). Muller, W. J., and Jandl, E., Brennstoff- 
Chem., 19, 27-9 (1938). 

128 Davis, J. D., and Fieldner, A. C., Proc. 
Am. Gas Assoc., 1935, 636-59. 

120 Davis, J. D., and Greene, J. W., Ibid., 1926, 
1160-4. Davis, J. D., and Reynolds, D. A., Ind. 
Eng. Chem., 20, 617-21 (1928). 

130 Neumann, B., Kroger, C., and Fingas, E., 
Gas- u. Wasserfach , 74, 565-72 (1931). 

131 See pp. 10-37 of ref. 51. 


with adequate precautions, is convertible, 
theoretically, at least, into any of the 
others. 

Reactivity to Carbon Dioxide. Perhaps 
the best developed of the methods depend- 
ing on the measurement of the rate of the 
reaction 

C + C0 2 = 2CO 

is that of Agde and Schmitt 119 as modified 
by Muller and his collaborators. 132 ' 133 In 
all these tests, the reactivity is reported 
as the value of 

£ = 100 - ( 18 ) 
a 

where R is the percent reactivity, x is the 
volume of carbon dioxide reduced to car- 
bon monoxide in a given time, and a is 
the volume of carbon dioxide supplied in 
that time. It has been shown 117 » 134 that 
this expression for reactivity does not give 
results that are proportional to the reac- 
tion rates of the fuels tested except when 
R is quite small; when it is used, the dif- 
ferences between fuels of high reactivity 
are greatly underestimated. From this 
point of view, the last method developed 
by Muller and Jandl 133 is much to be pre- 
ferred to the earlier ones, since the values 
of R for a given coke obtained by its use 
are much smaller than the value given by 
the earlier method, even though the au- 
thors refer to the later method as a “rapid” 
and the earlier as the “exact” method. 
The determination is made at only one 
temperature, although it has been shown 135 

132 Muller, W. J., and Courard, W., Brennstoff- 
Chem., 11, 125-8 (1930). Muller, W. J., and 
Jandl, E., ibid., 12, 187-91 (1931). 

133 Muller, W. J., and Jandl, E., ibid., 19, 45-8 
(1938). 

134 King, J. G., and Jones, J. H., J. Inst. Fuel, 
5 , 39-55 (1931). See also Key, A., and Cobb, 
J. W., ref. 122. 

135 Blakeley, T. H., and Cobb, J. W., Inst. Gas 
Engrs., Commun. 104 (1934), 49 pp. ; Gas J., 
208, 351-3, 526-7, 748-9 (1934). Mayers, M. 
A., J. Am. Chem. Boc ., 612, 2053 — 8 (1939). 
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that the temperature coefficient of the re- by the necessity for the reacting gas to 

action is quite as important a character- diffuse to the reaction surface. 337 The 2 

istic of the fuel as the absolute magnitude cubic centimeter sample of coke, ground to 

of the reaction rate at a given temperature, pass a sieve having 2,500 meshes per square 

Thus, it is evident that the method of centimeter (approximately No. 120) and to 

Muller and Jandl leaves something to be remain on one of 4,900 meshes per square 

desired from a theoretical point of view; centimeter (approximately No. 170), is 

on the other hand, their apparatus has held in a quartz boat with a cross-sectional 

been developed to a high degree of con- area of 25 square centimeters, which is in- 


1 



Fig. 5. Diagrammatic layout for reactivity test. Muller- Jamil rapid method. 1 as 


venience and precision, being approached sorted into the cool end of the furnace tube 
in precision, probably, only by that devel- and remains there until the apparatus has 
oped by the Fuel Research Board. 136 been swept free of air, when it is pushed 

In this method, the apparatus for which down into the center of the hot zone of 

is illustrated in Fig. 5, a constant stream the furnace, which is maintained at 900 =t 

of purified carbon dioxide, controlled by 5° C. Both ends of the furnace tube are 

the gasometer 11 and the micro stopcock cooled by lead tubing wound around it, 

14, passes through drying tubes 12 and 15 through which water is circulated. The 

and a flowmeter 13, into the furnace tube gas leaving the furnace passes through a 

9, a quartz tube of 35-millimeter bore, 650 water-cooled coil, through a second flow- 

millimeters long, at a rate of 2 liters per meter, and then either to the atmosphere 

hour. It may be noted that this rate is or an azotomet-er for determining when 

probably too low to eliminate completely apparatus is air-free. I he other con- 
the physical resistance to reaction set up sections shown are for securing the air- 

free condition, and their functions are de- 

136 Jones, J. H., King, J. G., and Sinnatt, F. 

S., Dept . Sci, Ind. Research (British) Fuel Re- 13 7 Mayers, M. A., J. Am. Chcm. Boe., 5G, 70-6 

search. Tech. Paper 18 (1927), 32 pp. (1934). 
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scribed in the reference. The two flow- 
meters make possible continuous reading of 
the gas composition if the appearance of 
small amounts of gas distilled out of the 
coke can be neglected. It is found that the 
calculated R increases very rapidly from 
the time of starting the test to a sharp 
peak after 1 to 2 minutes, from which it 
decreases rapidly to a practically constant 
value, after 10 minutes, which remains un- 
changed, or decreases only slightly, until 30 
minutes after the start of the test, when 
it is considered complete. The constant 
value which appears after 10 minutes is 
taken as the criterion of reactivity of the 
coke. 

Modified Ignition-Point Method . An al- 
together different method of determining 
reactivity has been developed in the Coal 
Research Laboratory, 117 * 138 and a similar 
one independently by Seyler and Jen- 
kins. 139 In both, the rate of reaction is 
measured by the rate of heat evolution 
when a stream of oxygen or air is passed 
through the heated sample; they are thus 
developments of the ordinary methods of 
measuring “ignition” temperature. 124 It is 
recognized that ignition temperature, in 
the sense that this temperature is a point 
below which combustion reactions do not 
proceed, is an erroneous conception. Nev- 
ertheless, the point at which the rate of 
self-heating by a sample, heated by an ex- 
ternal source, becomes great enough so that 
the sample temperature overtakes the 
source temperature is a significant one, 
which may be combined with other ob- 

lss Sebastian, J. J. S., and Mayers, M. A., Ind. 
Eng. Chcm., 29, 1118-24 (1937). See also Klu- 
kowski, A., and Jarssynski, A., in ref. 124. God- 
bert, A. L., and Belcher, R., 17th Ann. Report 
Safety Mines Research Board (London), 1939, 
p. 44. Sherman, R. A., Pilcher, J. M., and Ost- 
borg, II. N., Am. Soc. Testing Materials, Bull. 
112, 23-34 (1941). 

iso Seyler, C. A., and Jenkins, T. E., Colliery 
Guardian, 150, 47-50, 71-3 (1937). 
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servations to determine reaction rates at 
various temperatures. 

In the Coal Research Laboratory test, 
the supplementary datum required in ad- 
dition to the observation of the crossing 
point in order to calculate the reaction 
rate is the rate of rise in temperature of 
the coke sample at this point. It can be 
shown that the reaction rate is propor- 
tional to this quantity, the constant of 
proportionality being the ratio of the heat 
evolved per unit mass of the coke reacting, 
to the specific heat of the coke. As there 
is some doubt about the magnitudes of 
these quantities, especially the last, the re- 
sults of the test are reported as the rates 
of rise of temperature; that these can be 
converted to reaction rates with fair ac- 
curacy, however, is shown by the agree- 
ment of the effective ignition temperatures 
for fuel-bed conditions calculated from such 
results with the magnitudes observed ex- 
perimentally. 140 The crossing point and, 
hence, the temperature at which the re- 
action rate is observed can be varied, for 
the same sample, by changing the rate of 
heating the furnace or by changing the 
concentration of oxygen in the gas stream 
flowing through the sample. Thus, the de- 
pendence of the reaction rate on tempera- 
ture can be determined; it is found experi- 
mentally that this dependence is accurately 
expressed by the Arrhenius equation, so 
that a graph of the logarithm of the reac- 
tion rate (or of the rate of temperature 
rise at the crossing point) against the in- 
verse of the absolute temperature at which 
the crossing is observed gives a straight 
line. 

It is convenient to characterize cokes by 
the temperatures at which the reaction 
rates of samples in the Coal Research Lab- 
oratory test become great enough to pro- 

140 Mayers, M. A., and Landau, H. G., Ind. 
Eng. Chem., 32, 



900 


PHYSICAL PROPERTIES AND REACTIVITY OF COKE 


duce fixed rates of temperature rise, when 
two values of this quantity define both the 
magnitude of the reaction rate at a given 
temperature and its rate of change with 
temperature. The values of rate of rise 
chosen for this purpose are 15° per min- 
ute, which is near the crossing point ob- 
served with the apparatus now in use, 
when oxygen is the reacting gas; and 75° 
per minute, which is near the point ob- 
served when air is used. Values of these 
quantities, T 15 and jT 75 , observed for vari- 
ous coals and cokes are given in Table IX. 

TABLE IX 

Reactivity by Coal Research Laboratory 
Method 138 T 15 and T 75 for Various Coals 

and Cokes 


Fuel 

Tu 

°C 

T 75 

°C 

Illinois No. 6 Seam Coal 

180 

225 

Pittsburgh Seam coal 

230 

285 

Pocahontas No. 3 Seam 

coal 

245 

295 

Anthracite 

310 

425 

Semicoke 

205 

260 

Foundry coke 

Undercarbonized 

270 

390 

Well carbonized 

500 

565 

Blast-furnace cokes 

A 

455 

520 

B 

500 

565 

C 

550 

600 


It is believed that the apparatus used for 
the determination can be improved over 
that described by Sebastian and Mayers, 
but the principle involved has been ac- 
cepted tentatively by Subcommittee XVI 
on Ignitibility of Coal and Coke, R. A. 
Sherman, Chairman, of A.S.T.M. Commit- 
tee D-5, as a basis on which to develop a 
standard test of reactivity. 

The Critical Air Blast. A third method 
of determining reactivity, which has 
achieved great popularity in England, is 


the critical-air-blast method, developed by 
the Northern Coke Research Committee. 141 
In this method, a sample of coke sized be- 
tween 10 and 20 mesh, I.M.M. standard, 
is filled to a constant level in the container 



Fkl G. Apparatus for erit ion 1-air-blast test.ui 

illustrated in Fig. 6. Air, preheated by a 
constant energy supply to the electric 
heater above the sample, is passed down 
through the sample, until it is completely 
ignited, at a rate of 0.150 cubic foot per 

141 Blayden, H. E., Noble, W., and Riley, I-I. L., 
J. Inst . Fuel, 7 , 139-49 (1934). Askey, P. J., 
and Doble, S. M., Fuel , 1G, 359-GO (1937). 
Brewin, W., and Thompson, ,T. K., ibid., 361-5 
(1937). See also pp. 167-9 in ref. 67. 
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minute, when the rate is reduced to a value 
near the expected value of the C.A.B. If 
the coke remains alight for 20 minutes, the 
apparatus is cooled and the test repeated 
with a new sample, using a value of air 
rate after ignition 0.002 cubic foot per min- 
ute lower than before. On the other hand, 
if the coke goes out in less than 10 minutes, 
the next trial is run with an air rate higher 
than the previous one. Thus, two values 
of air rate are found, differing by 0.002 
cubic foot per minute, one of which will 
keep the coke alight for more than 10 min- 
utes, and the other of which will not. The 
average of these is reported as the C.A.B. 

Although it does not appear at first 
glance that there is any relation between 
the value of the C.A.B. and the reactivity 
as defined above, it was found that the 
results of a similar test 142 were parallel to 
determinations of ignition temperature 
made in the same apparatus. Application 
of the results of mathematical analysis of 
fuel-becl conditions 16 * 140 shows that, 
though a variety of factors will affect the 
minimum rate of burning when the rate 
of ignition vanishes, all except the ignition 
temperature of the fuel under the condi- 
tions of test will remain nearly constant 
when the size and packing of the fuel are 
held constant, so that the principal variable 
remaining is only the reactivity of the fuel. 
The simple one-dimensional analysis re- 
ferred to, however, cannot estimate exactly 
the contributions of the various factors 
which determine the C.A.B., since it takes 
no account of heat loss to the sides of the 
bed. That this is an important factor in 
the determination is shown by the results 
of Askey and Doble, 141 who found that the 
value of the C.A.B. was lower, the larger 
the diameter of the apparatus in which the 
test was conducted, a result that is, quali- 

142 Holmes, C. R., and Davis, J. D., Ind. Eng. 
Chem., 28, 484-8 (1936). 
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tatively at least, in accord with theoretical 
expectations. 

“Burning” Tests of Combustion Charac- 
teristics . “Burning” types of tests of re- 
activity have been of two kinds: in one, 
the burning takes place by pure oveifeed 
action, 143 so that the tests are similar to 
those pioneered by Kreisinger, Augustine, 
and Ovitz; 144 in the other, the burning 
takes place by pure underfeed action, 145 so 
that these tests are similar to that devel- 
oped by Nicholls. 146 In the first type of 
test the emphasis is on the rate of con- 
sumption of fuel and the analysis of the 
gases and the temperatures at various 
points in the fuel bed; in the second, the 
significant measurement is the rate of ad- 
vance of the zone of ignition or the time 
required for it to strike through the bed. 
The analysis appropriate to the latter con- 
ditions has been given elsewhere; 16 ' 140 
since it is rather complicated it will not be 
repeated. It should be noted, however, 
that a nomogram is given in the last refer- 
ence by means of which the significant 
characteristics of the fuel can be estimated 
if enough experimental data are available, 
although they are not in the tests as usu- 
ally performed. Moreover, just as in the 
C.A.B. test, discussed above, the results are 
liable to distortion because of the effect of 
heat losses from the sides of the apparatus, 

143 Mott, R. A., and Wheeler, R. V., pp. 117-40 
of ref. 86 and pp. 132-56 of ref. 67. Werkmeis- 
ter, H., Arch. Warniewirt 12, 225-32 (1931). 
Speckhardt, G., Gliichauf 3 72, 225-31 (1936). 

144 Kreisinger, H., Ovitz, F. K., and Augustine, 
C. E., U. 8. Bur . Mines, Tech. Paper 137 (1916), 
76 pp. 

145 Rosin, P., Kayser, H. G., Fehling, H. R., 
Ber. Reichskohlenrats D51, 1935, 47 pp. Dunning- 
ham, A. C., and Grumell, E. S., J. Inst. Fuel, 9, 
24-9 (1935), 11, 117-22, 129-33 (1937), 12, 
87-95 (1938). Rosin, P., and Fehling, H. R., 
ibid., 11, 102-17 (1937). 

146 Nicholls, P., Z7. $. Bur. Mines, Bull. 378 
(1934), 76 pp. Nicholls, P., and Ellers, M. G., 
Trans. Am. Soc. Mech. Engrs., 56, 321-36 
(1934). 
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an effect which is not taken account of in 
the analysis and which may be quite sig- 
nificant for units as small as most of those 
tested. 

Although these tests, in the past, have 
usually been made on coal rather than on 
coke, they are equally adapted to meas- 
urements on coke, so that a brief descrip- 
tion is probably justified. In the Rosin 
test, 145 coal is charged into a tube 50 mil- 
limeters (2 inches) in diameter, heavily in- 
sulated on the outside; a measured stream 
of air is passed up through a grate sup- 
porting the fuel, and the fuel is ignited 
either by preheating the air or by radiation 
from a gas-heated hot plate radiating to 
the top surface of the fuel. Temperatures 
are measured at several levels in the charge, 
and the time required for ignition under 
various conditions of hot-plate and air tem- 
perature and air velocity are observed by 
noting the times at which a few particles 
begin to glow and at which rapid combus- 
tion of the volatile matter begins. The 
method of Dunningham and Grumell is, 
perhaps, somewhat closer to the conditions 
of technical firing, in that a pot-type fur- 
nace 12 inches in diameter is used, and 
the air for combustion is not preheated, 
ignition being accomplished solely by means 
of an electric heater radiating to the top 
of the fuel bed. 

The measurements by the method of 
overfeed firing also have been applied most 
frequently to coal, but they have been used 
for coke, as well. This test is, essentially, 
a more refined edition of the “salamander” 
test common at steel plants but seldom, if 
ever, described in the literature. The ob- 
servations usually include gas analysis and, 
sometimes, temperatures at several levels in 
the fuel bed and just above the bed. Mott 
and Wheeler 143 * 147 observed the following 

147 Preprints of the Symposium on the Com- 
bustion of Solid Fuels „ Boston meeting of Amer- 


points : the average rate of combustion, the 
distance from the grate at which free oxy- 
gen disappeared, the average carbon mon- 
oxide in the gas 12 inches above the grate, 
the maximum temperature and its distance 
above the grate 3 hours after the start of 
the test, and the average temperature in 
the lower 15 inches of the bed at this time. 
In these tests, coke was charged to a pot- 
type furnace, 12 to 26 inches in diameter, 
and a constant measured stream of air was 
passed up through the fuel which was ig- 
nited from the bottom in a standardized 
manner, either by means of auxiliary gas 
burners or by a standard weight of sticks. 
The fuel was sized within close limits if a 
comparison of its chemical properties was 
desired, or it was fired in the sizing in 
which it was received if an overall measure 
of its probable behavior in specific equip- 
ment was sought. Speckhardt, 143 in fact, 
made an attempt to estimate the changes 
in sizing of the fuel as it passes down 
through the furnace from the results of the 
Wolf test 102 on the same sample. 

Where complete gas analyses at enough 
levels are given, the results of such tests 
may be analyzed in terms of the effective 
rates of the gasification reaction. 10 - 14S 
When the amount of volatile matter re- 
maining in the coke is small enough so that 
its combustion is effectively that of carbon 
(i.e., the gases in the bed consist to all 
but a negligible extent of oxygen, carbon 
dioxide, and carbon monoxide), the quanti- 
ties 

02 , r,« c ° : 

w«o * ntl r~n^icoj 

where 0 2 and CO are the percentages by 
volume of oxygen and carbon monoxide in 
the gas, when plotted on semilogarithmic 

ican Chemical Society, September, 1939, pp. 95- 
107. 

148 Furnas, C. C., I?id. Eng. Chcm 258, 498- 
502 (1936). 



903 


“BURNING” TESTS OF COMBUSTION CHARACTERISTICS 

paper against the distance above the grate bon monoxide content of the gas, are quite 
give straight lines if the effective reaction adequately determined when they remain 
rates, /xi /G and ^/G, are constant. Suit- constant throughout the bed. Though this 
able data for making this analysis were given appears to be true for several of the cokes, 
by Mott and Wheeler 143 » 147 and Nich- it is not invariably true (see especially 
oils, 149 some data from the latter being lines designated U and R). In these two 
shown in Fig. 7. It will be observed that lines there is a sharp increase of the slope, 
the lines representing the rate of reaction corresponding to a much higher value of 
of oxygen, given in Fig. 7 A, are not well the reaction rate coefficient, in the neigh- 
determined by the data because the oxy- borhood of 4% inches above the grate, 
gen was consumed so rapidly that it was T ^ s ma y be tentatively explained on either 
found at only two or three levels in the of two grounds: the region in which the 
bed. Thus, the determination of ^/G, increase is observed is that of maximum 
represented by the slope of this line, is not temperature in the bed, so that if the rate 
very precise. On the other hand, the val- of reaction is partly determined by chem- 
ues of fjia/G , the slopes of the lines shown ica l resistance a higher reaction rate might 
in Fig. 7 B representing the changes in car- be expected in this region, especially from 

149 Nieholls, P„ Brewer, G. S, and Taylor, R, C ° keS havin S a hi S h characteristic tempera- 
proc. Am. Gas Assoc., lose, 1129-43. ture coefficient; on the other hand, the re- 



inches above Grate 


Fig. 7. Gas components in overfeed fuel beds. Coke designations same as in Fig. 3. Air rate 
(O) = 150 pounds per square foot per hour. 

A. Oxygen. 

B. (See cut and legend on p. 904.) 
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Fig. 7. (See legend on p. 903.) 


2>. Carbon monoxide as 42 [COT* 

1 ” 200 

gion in question is close to that in which 
oxygen is still present in the gas, and it is 
probable 150 that carbon monoxide formed 
directly from oxygen, as well as by reduc- 
tion of carbon dioxide, is not further oxi- 
dized in this region. The significance of 
these effective reaction rates and their re- 
lations to other properties of the coke will 
be treated in more detail in a later section. 

Adsorption Tests. The ability of the 
coke to adsorb water vapor, 12S ' 151 carbon 


iso Martin, H., and Meyer, L., Z. Elektroehem ., 
41, 136-46 (1935). Grodzowski, M. K., and 
Chukhanov, Z. F., Fuel , 15, 321-8 (1936). 

Chukhanov, Z. F., J. Tech. Phys. (U.S.S.R.), 8, 
147-61, 621-32 (1938) ; Fuel, IS, 292-302 

(1939). 


dioxide , 152 and methylene blue , 113 especially 
the first two, may be related to its reactiv- 
ity, but not much use has been made of 
these characteristics. 

DEGREE OF GRAPHITIZATION 

Although the degree of graphitization of 
a coke is, like its reactivity, a chemical 
property, rather than a physical one, it 
has usually been measured by physical 
methods and has, in fact, frequently been 
confused with reactivity, to which it is 
closely related. The early discussions of 
this subject actually grew out of measure- 
ments of the reactivity to gaseous oxidizing 
agents of different cokes and sought to ex- 
plain differences among cokes on the basis 
of differences in the supposed origin of 
the different portions of the coke . 98 ' 153 
These controversies have died down as it 
was recognized that there was no essential 
difference, except in crystallite size, be- 
tween “amorphous carbon” and graphite , 154 

151 Braunholtz, W. T. K., Nave, G. M., and 
Briscoe, I-I. V. A., ref. 79. 

152 Davis, J. D., and Reynolds, D. A., ref. 129. 
Muller, W. J., and Jandl, E., BrennstojJ-Chcm., 
15, 305-9 (1935). 

153 Fischer, F., Brener, P. K., and Broclie, II., 

ref. 121. Agde, G., and Recke, F., Brcnnstoff- 
Ohem., 4, 341-3 (1923). Heyd, F., ibid., 4, 198- 
200 (1923). Schreiber, F., ibid., 4, 273-5 

(1923). Aufliiiuser, D., Glilckauf, 60, 1195-201 
(1924). Bunte, Iv., and Fitz, W., Gas- u. Was- 
serfach , 67, 241-3 (1924). Thau, A., Chcm. <& 
Met. Eng., 30, 222-7, 306-10, 347-50 (1924). 
Mezger, R., and Pistor, F., Gas- u. Wasserfach, 
69, 1061-6 (1926). Agde, G., and Schmitt, G., 
ibid., 70, 1000-3 (1927). Agde, G., and von 
Lynckner, L., ibid., 70, 1016-9 (1927). Dent, 
F. .T., and Cobb, J. W., Colliery Guardian, 13S, 
2208-10 (1929). 

154 Asaliara, G., Sci. Papers Inst. Phys. Chem. 

Research, 1, 23-9 (1922) ; Japan J. Chem., 1, 
35-41 (1922) ; Chem. Abs., 17, 656 (1923). 

Lowry, H. H., J. Am. Chem. See., 46, 824-46 
(1924). Koeh-Holm, E., Wiss. Veroffentlich. 
Siemens Konzern, 6, 188-201 (1927) ; Chem. 
Abs., S3, 317 (1929). Warren, B. E., J. Chem. 
Phys., S, 551-5 (1934). Hofmann, U., and 

Wilm, D., ' Z. physilc. Chem., B18, 401-16 
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and that all types of black carbon were, at 
least, precursors of graphite, which might, 
however, hold in the rings characteristic' of 
aromatic carbon, various amounts of cer- 
tain elements other than carbon, and, be- 
tween planes, considerably larger amounts 
of a wide variety of foreign elements . 155 
Thus, it has been recognized that the re- 
activity of coke, as well as several of its 
other properties, are strongly influenced, al- 
though not completely determined, by its 
degree of graphitization, which has led to 
interest in the measurement of this prop- 
erty. Several of the tests that are used 
appeared prior to the development of the 
view stated above, so that they are some- 
times referred to as reactivity tests. Three 
types of measurement are common for this 
purpose : the measurement of electrical con- 
ductivity of the granular coke, the meas- 
urement by X-ray diffraction of the spac- 
ings of atoms in the powdered coke and 
the apparent crystallite size, and the ob- 
servation of the rate of attack on the coke 
of various oxidizing solutions. Other meth- 
ods that have been used occasionally in- 
clude selective flotation 150 and observation 
under polarized light . 157 

Electrical Conductivity. It is found 
that, when an electric current is passed 
through a compressed column of coke gran- 
ules, the resistance to current flow, which 
is greatly affected by the pressure with 
which the column is compressed at low 

(1932) ; KolloU-Z 70, 21-4 (1935) ; Z. Elek- 
troohem., 42, 504-22 (1936). 

155 I-Iock, II., and Musclienborn, W., Qluckauf , 
70, 869-74 (1934). Hock, H., and Schrader, 0., 
Braunkohle, 35, 645-50 (1936). Balfour, A. E., 
Riley, II. L., and Robinson, R. M., J. Chem. Soc 
1930, 456-61. Blaydcn, H. E., Riley, H. L., and 
Taylor, A., ibid., 1939, 67-75. Riley, H. L., 
Chemistry <£■ Industry , 1939, 391-8. 

156 Hock, II., and Miischenborn, W., ref. 155. 

157 Ramdohr, P., Arch. Eisenhiittenw., 1, 669- 
72 (1928). Ivoppers, II., and Jenkner, A., ibid., 
5, 543-7 (1932). Hock, II., and Schrader, 0., 
ref. 155. 


pressures, becomes almost independent of 
the pressure at high pressures. Thus, a 
lower limit of resistance is approached that 
is characteristic of the coke and of its par- 
ticle size. If the particle size is kept con- 
stant, the resistance is a characteristic of 
the nature of the coke. The measurement 
may be quickly performed and requires 
relatively little, simple apparatus . 128 - 158 
X-Ray Diffraction. Debye-Scherrer 
powder photographs of coke by X-rays 
yield data from which the spacings of 
atoms in the hexagonal network layers of 
the graphite-like coke material may be esti- 
mated from the average diameters of the 
halos observed, and the average sizes of the 
crystallites may be estimated from the 
width of the halos. These measurements 
have been used by Simek and Coufalik and 
by Riley and his coworkers in attempts to 
ascertain more about the chemical nature 
of coke . 155 - 159 The method and calcula- 
tions are too involved to describe here but 
may be found in detail in references given 
in the original papers. Simek and Coufalik 
found no relation between the internal sur- 
face of the coke calculated from the dimen- 
sions of the crystallites of which it is com- 
posed and its reactivity ; that is, even when 
the internal surface was calculated, differ- 
ences in specific reactivity persisted. Riley 
and collaborators found a continuous 
growth of the graphitic crystals as cokes 
or chars were formed from wood, peat, and 

158 Hoppers, H., and Jenkner, A., ref. 157. 
Davis, J. D., and Auvil, H. S., Ind. Eng. Chem., 
27, 1196-200 (1935). Balfour, A. E„ Riley, H. 
L., and Robinson, R. M., ref. 155. Bruk, A. S., 
and Afanas’ev, M. V., Coke & Chem. ( U.S.S.R. ), 
6, No. 8, 31-6 (1936) ; Chimie & Industrie, 38, 
247 (1937). Muller, W. J., and Jandl, E ., 
Brennstoff-Chem., 19, 29-30 (1938). Blayden, 
H. E., Noble, W., and Riley, H. L., J. Iron Steel 
Inst. (London), 139, 75-98 (1939). 

159 gimek, B., and Coufalik, F., Brennstoff- 
Chem., IS, 213-20 (1937). Blayden, H. E., 
Riley, H. L., and Taylor, A., J. Am. Chem. Soc., 
62, 180-6 (1940). 
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bituminous and anthracite coals as the tem- 
perature of formation increased. Peat and 
cellulose showed exceptionally rapid rates 
of growth when the carbonizing tempera- 
ture was in the neighborhood of 700° C, a 
region which has been found to be of special 
importance in other work, in that the elec- 
trical conductivities, reactivities, and sus- 
ceptibility to attack by liquid reagents of 
cokes and chars formed below and above 
this temperature differ markedly. 51 ' 128 » 160 

Oxidation by Liquid Reagents. Liquid 
reagents such as sulfuric acid, nitric acid, 
chromic acid, and acid and alkaline potas- 
sium permanganate have long been used to 
degrade coal and its residues after thermal 
decomposition to a soluble condition. Oc- 
casionally 161 the rate of this oxidation has 
been used in attempts to characterize the 
reactivity of cokes, when it was found that 
the rates of production of sulfur dioxide of 
1 different cokes, for example, were approxi- 
fmately parallel to the rates of reaction of 
the same cokes observed with gaseous oxi- 
dizing agents at high temperatures, but 
that they 'depended almost entirely on the 
temperature of carbonization and were al- 
most independent of the coal carbonized, 
as shown in Table 7 (page 40) of reference 
51. It was found by Riley and his asso- 
ciates, however, that the rates of forma- 
tion of carbon dioxide by different cokes 
subjected to oxidation by chromic acid in 
a syrupy solution of phosphoric acid at 
100° was in the inverse order to that found 
when the cokes were oxidized by gaseous 
reagents. 102 This behavior has been inter- 
preted as being due to a reaction between 

160 Riley, S. L., and Blayden, H. E., Nature , 
135, 387-8 (1935). Juettner, B., J. Am. Ghent. 
Soc 59, 208-13 (1937). 

161 See for example pp. 37-42 of ref. 51. 

162 Riley, H. L., and Blayden, H. E., ref. 160. 
Blayden, H. E., and Riley, H. L., J. Soc. Ghent. 
Tnd., 54, 159T (1935). Balfour, A. E., Riley, H, 
L., and Robinson, R. M., ref. 155. 


the elements of graphitic crystallites, which 
are said to be amphoteric, and the strong 
acid. 163 Thus, the method becomes a spe- 
cific measure of the amount of graphite in 
the coke as in similar chemical methods for 
differentiating between graphite and other 
black carbonaceous materials. 164 

It has also been shown by Juettner 100 
that successive oxidations of coke by nitric 
acid and alkaline permanganate lead to the 
conversion of large percentages of the car- 
bon in carbonaceous materials that have 
been heated to 700° or above to mellitic 
acid, the benzenehexacarboxylic acid. Ap- 
proximately the same percentage yield was 
obtained as mellitic acid from carbon from 
any source, provided only that it had been 
heated to at least 700° ; materials that had 
not been heated so high gave proportion- 
ately lower yields, coal producing only a 
few percent of mellitic acid. Thus, this re- 
sult also could be used to characterize the 
graphitic nature of coke, since the appear- 
ance of large amounts of mellitic acid indi- 
cates that a large proportion of the carbon 
present had existed in the form of con- 
densed aromatic systems of at least four 
rings. (See Chapter 9.) 

Relations between Coke Properties and 
the Sources and Conditions of Manu- 
facture of the Coke 

STRUCTURAL PROPERTIES 

Effect of the Coal Composition , Tem- 
perature of Carbonization , and Oven Size. 
The primary influences on the strength and 
size of coke are the composition of the coal 
from which it is made and the temperature 
of carbonization. The dominant effect of 
the first of these is shown by the fact that 
the correlation coefficient between the 1%~ 

163 Riley, H. L., J. Inst. Fuel, 10, 149-56 
(1937). 

164 Hofmann, K. A., and Rocliling, C., Ber 
5GB, 2071-6 (1923). Ramdohr, P., ref. 157. 
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inch shatter index of the coke and the car- 
bon content of the parent coal on the dry 
ash-free basis, for 5S cokes reported by 
Evans and Ridgion, 100 was 0.796. This is 
the more remarkable when it is observed 
that no special pains were taken to insure 
that these cokes were carbonized at exactly 
the same temperature, although all were 
high-temperature cokes, nor to charge the 
ovens, when they were made, to the same 
bulk density, although this factor undoubt- 
edly affects the strength of the coke to some 
extent. Finally, the cokes were made in 
different kinds of ovens of different sizes, 
and from coals from all parts of England, 
including fields in South Wales, Durham, 
Northumberland, Scotland, and Yorkshire. 
The correlation permits the expression of 
the shatter index, y, percent on 1%-inch, 
by the equation 

y = 2.71s- 148.9 (19) 

where x is the percentage of carbon in the 
coal on the dry ash-free basis. The standard 
deviation from this distribution is 5.1 in the 
shatter index at the center of gravity of the 
distribution, at 85. S percent carbon, and in- 
creases somewhat either side of this point, 
as shown in Fig. 8, in which the points rep- 
resenting these data are plotted with the 
line given by equation 19. The curving 
lines either side of the central one, which is 
drawn to fit the equation, are separated 
from it by distances determined by the 
standard deviation, so that the band they 
define should include 68 percent of the 
points. As a matter of fact, only 11 of the 
points, or about 19 percent, fall outside 
these limits. These deviations, which corre- 
spond to probable errors of 3.4 to 5.5, are 
to be compared with the probable error 
of the shatter test itself, which, as shown 

165 Evans, E. C., and Ridgion, J. M., Iron 
Steel Inst. (London). Special Report' 17, 1937, 
62 pp., Table 25, p. 39. 


above, is about 1.0 in the D/^-inch index. 
It can hardly be doubted, moreover, that, 
if the comparison had been made on cokes 
carbonized under controlled conditions, the 
correlation would be materially improved 
and the limits of error decreased. This jus- 
tifies the expectation that, when better data 
are available, it may become possible to es- 



Percent Carbon, Dry Ash • Free 


Fig. 8. Relation between percentage remain- 
ing on ltfc'inch screen after shatter test and 
carbon content of the parent coal. 165 

timate the strength of coke quite satisfac- 
torily from the analysis of the coal from 
which it was made and from the conditions 
of coking. 

Equation 19 has been checked for three 
cokes, whose size analyses after the shatter 
test are given in Fig. 3 with the designa- 
tions L, R, and U, made from different 
samples of the same coal for which the 
analysis and coking temperature are avail- 
able. The calculated and observed 1%-inch 
shatter indexes are given in Table X, from 
which it can be seen that the agreement is 
nearly as good as found for the British 
coals. When the observed indexes are cor- 
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TABLE X 

Calculated and Observed Shatter Indexes 
for Coxes from Pittsburgh Coal 

Shatter Index: Percent on l^-inch 

Corrected for 
Coking Temperature 


Coke 

Calc. 

Observed 

To 1,040° 

To 1,000' 

L 

80.6 

79.6 

79.6 

80.5 

R 

81.1 

75.0 

76 

77.8 

U 

82.6 

76.3 

78 

79.6 


rected for temperature of carbonization to 
1,040°, which is probably close to the mean 
for the British cokes, the agreement is 
greatly improved. The method of making 
this correction will be discussed below. The 
dependence of the quality of the coke, as 
measured by its resistance to shattering or by 
its size, upon coal analysis has long been 
recognized and has been the basis of much 
of the blending procedure in commer- 
cial carbonization; S3 > 166 in fact, Gerhard 
claimed to have used it to improve coke 
quality as long ago as 1910. The reason 
for the correlation between the shatter test 
and the value of the Sheffield swelling in- 
dex, noted in the discussion of the exam- 
ple of correlations worked out on page 871, 
now becomes apparent, since it has been 
shown 167 that the swelling index is also a 
function of coal analysis. 

A correlation similar to that resulting in 
equation 19 has been worked out in the 

166 Bunte, IC, Gas- u. Wasserfach, OS, 82-5 
(1925). Gerhard, F., ibid., OS, 282-3 (1925). 
Schweder, W., ibid., 70, 710-2 (1927). Parr, S. 
W., and Mitchell, D. R., Ind. Eng. Chem., 22, 
1134-5 (1930). King, J. G., Fuel , 10, 521-31 
(1931). Pieters, H. A. J., Rec. trav. chim ., 50, 
851-5 (1931). Swietoslawski, W., Chorazy, M., 
and Roga, B., Prsemysl Chem., 10, 141-50 
(1932). Mott, R. A., and Wheeler, R. V., ref. 
67, pp. 207 ft. 

167 Mott, R. A., and Spooner, C. E., Fuel, 10, 
4-14 (1937). Mott, R. A., and Wheeler, R. V., 
ref. 67, pp. 343-69. 


Coal Research Laboratory 108 for the 90 
coals carbonized at various temperatures in 
the BM-AGA Survey of the Coke-Making 
Properties of American Coals, 169 in which 
the relation between both the proximate 
analysis of the coal and the properties of 
the coke, as well as the variation with tem- 
perature, were determined. These data, 
which include results on a number of 
blends, appear to support the conclusion, 
reached above, that the results of blending 
can be predicted from the analysis of the 
blend in the same way as for a single coal. 
The correction of the observed shatter in- 
dexes for teiiiperature in Table X was made 
on the basis of a preliminary examination 
of these data, which indicated that, if the 
results of the shatter test were expressed 
in terms of the characteristics M s and S 8J 
which determine the position of the line 
on probability paper representing the size 
distribution after shattering, an increase 
in carbonizing temperature from 1,000 to 
1,100° C caused them to decrease by 0.224 
and 0.069 inch, respectively. These data 
showed that increase in carbonizing tem- 
perature quite uniformly caused a lowering 
of the values of both M s and S s for all 
coals at all carbonizing temperatures above 
600° C. 

In contrast with this result, the strength 
■of the ultimate coke substance increases as 
the temperature is raised as shown by “mi- 
cro-strength” indexes 15 - 105 and by true 
abrasion. 101 These facts support the belief 
that the extent of degradation by shatter- 
ing is a measure of the extent of Assuring 
of the coke caused by the loss of volatile 
matter after the coke has passed through 

168 Lowry, 1*1. II., Ijandau, IT. G., and Naugle, 
L. L., Trans. Am. Inst. Mining Met. Engrs., 149, 
297-330 (1941). 

169 Fieldner, A. C., and Davis, J. D., U. S. 
Bur. Mines, Monograph 5 (1934), 164 pp. Cf. 
also Fieldner, A. O., et al., U. J3. Bur. Mines, 
Tech. Paper 601 (1939), 45 pp. 
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the plastic zone. 170 Warren’s results 105 » 171 
show variable effects of rate of heating on 
the strength of the basic coke material, de- 
pending on the characteristics of the coals 
carbonized. The outstanding result, that 
the strength of coke made from low-rank 
coal is increased by rapid heating, is sup- 
ported by the observations on shatter index 
made by Mott and Wheeler 172 and by 
commercial practice. 173 

The size and strength of coke are also 
affected by the size of the ovens in which 
it is made and by the position in the oven 
from which it comes. 09 * 174 Although a 
portion of this dependence may be ascribed 
to differences in the maximum temperature 
of carbonization and of the rate of heating 
associated with those differences of oven di- 
mensions and position, another portion is 
probably dependent on the bulk density of 
the coal, which varies from point to point, 
and on the mechanical pressure to which 
the coal is subjected during carbonization. 
Thus, Braunholtz, Nave, and Briscoe found 
that compressed charges of coal, tamped to 
high bulk density, produced cokes having 
lower shatter indexes, but higher true and 
apparent specific gravities, than top-charged 
coal, 14 but Mott and Wheeler have stated, 
"The merits of cake charging are, in fact, 
few, the original claim made for it, that a 
better coke would be made from inferior 
coals, being unfounded except for coals of 
lowest rank.” 175 On the other hand, 
Evans, discussing the paper by Blayden, 
Noble, and Riley, 158 remarked that fre- 
quently in his experience coke from cake- 

170 Davidson, W., Colliery Guardian , 145, 

1224-8 (1932). 

171 Warren, W. B., Ind. Eng. Chem. f 30, 136— 
41 (1938). 

172 Pages 389-404 in ref. 67. 

173 Thiessen, G., Ind. Eng. CTiem ., 29, 506-13 
(1937). 

174 Mott, It. A., and Wheeler, It. V., pp. 18-54, 
ref. 86. 

175 See p. 388 of ref. 07. 
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charged ovens was preferred for blast-fur- 
nace use. Moreover, Riley and collabora- 
tors have shown 15 that it is possible, by 
the application of mechanical pressure of 
the order of 1 atmosphere, to produce co- 
herent cokes from coals that are normally 
noncoking or only weakly coking. The ini- 
tial development of strength by the coke, 
between the temperatures of 400 and 
600° C, was greatly influenced by the mag- 
nitude of the external pressure. In this 
range, increase in pressure always caused 
an increase in the micro strength of the 
coke, the most significant effects being pro- 
duced by pressures up to 50 pounds per 
square inch; pressures above this up to 500 
pounds per square inch had a proportion- 
ately smaller effect. Above 650° C, how- 
ever, the gain in strength was only slightly 
affected by the external pressure, depend- 
ing almost entirely on the maximum tem- 
perature attained. 

Although some operators have found 
rather important effects of coal size as 
charged to the ovens on the strength of 
the coke formed, 52 * 176 these are not usually 
great unless the coal is very weakly coking, 
or, as in Davidson’s work, very large lump 
coal is used. Mott and Wheeler 177 have 
remarked that no advantage in shatter is 
gained by grinding to finer than % inch if 
any one of the coals blended is strongly 
coking. On the other hand, the size of the 
coal charged does appear to affect the bulk 
density of the oven charge, and thus the 
apparent specific gravity of the coke, the 
use of double-screened large coal leading to 
lower bulk density of the charge and lower 
apparent specific gravity of the coke. 52 * 108 

The Effect of Additions to the Charge. 
There has been a great deal of interest in 

176 See Schweder, W., in ref. 166. Seyler, H. 
W., Coal Mine Mechanization , Yearbook Coal 
Div., Am. Mining Congr 1933, 179-83. 

177 See pp. 373-8 of ref. 67. 
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the addition of coke breeze to the charge 
supplied to the coke oven, mainly with a 
view to finding a profitable outlet for the 
large volumes of breeze that accumu- 
late at plants producing metallurgical 
coke. 33 » S3 » 170 ’ 178 It has usually been found 
that the addition of breeze, if it is ground 
fine enough, improves the yield of large 
coke on carbonization and frequently in- 
creases the 2-inch and 1%-inch shatter in- 
dex. These beneficial effects, however, are 
accompanied by a decrease in the resistance 
of the coke to abrasion, whether measured 
by the tumbler test, the %-inch shatter- 
test index, or the departure of the sizing 
after shatter from a straight line on proba- 
bility paper. The amount of breeze which 
may be added to the charge before this ef- 
fect becomes serious depends on the coking 
properties of the coal; in the example re- 
ported by Biddulph-Smith, when a very 
strongly coking Durham coal was used, 
even 25 percent of breeze could be added 
to the coal with an apparent improvement 
in the percentage on 1%- inch after the tum- 
bler test from 90.0 percent without addi- 
tion to 94.2 percent with breeze. On the 
other hand, Seyler found that the optimum 
addition, with a high-volatile Pittsburgh 
coal, was about 6 percent. 

The effect of varying amounts of breeze 
added is typified by the results obtained by 
Pfluke, Sedlachek, and Huyck in very care- 
ful full-scale trials. 179 In this work various 
amounts of coke breeze, ground and sieved 
to various degrees of fineness, were added 
to two coals at different plants and car- 

178 Mott, R. A., and Wheeler, R. V., pp. 184-94 
of ref. 86 ; pp. 426-58 of ref. 67. King, J. G., 
ref. 166. Biddulph-Smith, T., Iron <6 Coal 
Trades Rev., 123, 44-5 (1931) ; Blast Furnace 
Steel Plant , 21, 471-3, 479, 481 (1933). Seyler, 
H. W., ref. 176. Killing, A., and Elbert, W., 
GlucJcauf , 70, 162-4 (1934). 

179 Pfluke, F. J., Sedlachek, A. C., and Huyck, 
A. B., Proc . Am. Gas Assoc., 1036, 771-92, 1037, 
619-48. 


bonized in regular practice in gas-plant by- 
product ovens. In one plant, a mixture of 
80 percent Powellton and 20 percent Poca- 
hontas pulverized coal was normally car- 
bonized in 18-ton ovens; in the other, 
crushed straight Pittsburgh coal was coked 
in 6.S-ton ovens. The analyses of the coals 
are given in Table XI. From 1 to 5 per- 

TABLE XI 


Proximate Analyses of Coals Carbonized 
with Coke Breeze Additions 170 


Powell- 

Poca- 

Pitts- 

Coal 

ton 

hontas 

burgh 

Proportion in mixture, 




percent 

80 

20 

100 

Moisture, percent 
Volatile matter,* per- 

3.5 

4.7 

3.5 

cent 

33.6 

17.6 

34.1 

Fixed carbon,* per- 




cent 

61.2 

76.6 

59.2 

Ash, * percent 

5.2 

5.8 

6.7 


* Dry basis. 


cent of coke breeze, ground to pass % 2 - 
Vw - 3 %g-, and %-inch, was carefully 
mixed with the 40,000-pound charges; the 
coke produced was carefully sampled, sieve 
analyses were made including screens down 
to No. 6 mesh (3,360 microns), and shatter 
tests were made. In the second report 
(1937), the effect of crushing the coke pro- 
duced was also investigated and the process 
was considered from the point of view of 
net decrease in breeze to be disposed of. 
This portion of the subject is outside the 
scope of the present report, but it is to be 
noted that this question and the problem of 
the economics of the process, treated by 
these authors and by Killing and Elbert, 178 
determine the commercial feasibility of this 
method of breeze disposal. 

The data from the shatter tests, plotted 
to probability coordinates, yield the char- 
acteristics of the distribution M 8 and S 8) 
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which are plotted against the amount of 
breeze added in Figs. 9 and 10, in which 
each curve shows the effect of one size of 
breeze. The irregularities in the curves 



Fig. 9. Effect of additions of coke breeze to 
coal mixture on tlie shatter test of coke. Pow- 
ellton-Pocahontas coal mixture . 170 

0 Breeze size %4 inch. 

A Breeze size Vic inch. 

V Breeze size 14 inch. 

suggest that the conditions of carbonization 
may not have been entirely under control. 
Breeze addition caused first a slight de- 
crease and then a marked increase in the 
mean size of the shattered coke from the 
Powellton-Pocahontas mixture, a relatively 
strongly coking coal, for all breeze sizes 
smaller than %-inch, which had not 
reached the maximum within the range of 


the amounts added, up to 5 percent; on 
the other hand, only the smallest size, 
through % 2 -inch, caused an increase in the 
mean size of shattered coke from Pitts- 
burgh coal, and the maximum effect was 
reached at about 3 percent of breeze added. 
The values of S s increase continually, and 



Fig. 10. Effect of additions of coke breeze to 
coal mixture on the shatter test of coke. 
Straight Pittsburgh coal . 179 

O Breeze size 14 2 inch. 

A Breeze size 14 6 inch. 

V Breeze size 14 inch. 

almost linearly, with approximately the 
same slope for both coals and all breeze 
sizes. This effect may be significant in 
view of one of the preliminary conclusions 
drawn from the work on the correlation of 
coke properties with coal analysis, etc., 
mentioned above as being in progress in the 
Coal Research Laboratory. It appears that 
the mean size of shattered coke tends to 
increase not only with the fixed carbon of 
the coal, but also with its ash; but the 
spread, S s , tends to be independent of the 
fixed carbon, and to depend only on the ash 
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content with which it increases and on the 
temperature of carbonization. This sug- 
gests that, in its effect on the shatter test 
of the coke, breeze addition acts in the 
same way as addition of ash would. 

The effect of large additions of noncoking 
materials to coal on the shatter test of the 
coke can be seen from the results of tests 
made by Davidson, 180 some of whose data 



Percent Remaining On 


Fig. 11. Effect of large additions of non- 
coking materials on size distribution of coke 
after shattering. 180 

on shattered coke are shown in Fig. 11. It 
is evident that pitch behaves, just as does 
anthracite, as a noncoking addition; and 
that, though both addition agents increase 
the proportion of large-size coke produced, 
they do so only at the cost of a large in- 
crease in the value of S s , which indicates 
that the range of sizes in a bed of this coke 
would be extremely large and that any ad- 
ditional handling or abrasion would increase 
it very rapidly. Hence, a bed formed of 
this coke would tend to have a low void 
volume and, in spite of its large average 
size, would have a high resistance to air 
flow. 

Mott and Wheeler discussed, in addition 
to their extensive work on blending with 

iso Davidson, W., J. West Soot. Iron Steel 
Inst., 43, 118-24 (1936). 


fusain and high- and low-temperature coke 
breeze, 178 the effect of the addition of small 
amounts of organic solvents 181 on the shat- 
ter tests of coals carbonized at low tem- 
peratures, but the results do not appear to 
be conclusive. It may be noted here that 
those authors have reported a great deal of 
work, to only a portion of which reference 
has been made, whose significance is not at 
present apparent. Many of their results, 
however, may become significant at a later 
date when the field is more completely ex- 
plored. 

REACTIVITY 

Effect of Conditions of Carbonization and 
Correlation with Other Properties of the 
Coke. The most important factor affecting 
the reactivity of coke is the maximum tem- 
perature to which it was heated during car- 
bonization, 01 » 98 » 101 » 113 ’ 120 > 128 > 182 the reac- 
tivity of cokes from all coals decreasing 
markedly as the temperature of carboni- 
zation increases. This effect is illustrated 
by Table XII, taken from the paper by 
Davis and Fieldner. 128 Drakeley and Wil- 
kins 113 found an approximately linear re- 
lation between the ignition points of cokes 
and the maximum temperatures at which 
they were carbonized, while Bahr and Fall- 
bohmer 101 remarked that, in the absence of 
catalysis by ash constituents, the ignition 
point and reactivity are determined by the 
temperature of carbonization. 

Since this is so, obviously the reactivity 
of coke will be closely correlated with all 
other coke properties that are temperature 
dependent. Chief among these is the hy- 
drogen content of the coke, which, for high- 
temperature cokes, at least, depends only 

181 See pp. 326-42 of ref. 67. 

182 Muller, W. J., and Jandl, E., refs. 127 and 
152. Brennstoff-Chem., 14, 341-3, 343-7, 421-4, 
441-4 (1933). Hock, II., and Schrader, 0., ref. 
155. Neumann, B., and van Alilen, A., Brenn - 
stoff-Chem., 15, 5-10 (1934). Nettlenbusch, L., 
ref. 121. 
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Dependence of Various Criteria of Reactivity, etc., on the Coal and the Carbonizing 

Temperature 128 


Column No. 
1 
2 

3 

4 

5 
G 
7 
S 
0 

30 

11 


Heading 

Carbonizing temperature, °C 
Volatile matter, percent, dry basis 
Ash content, percent, dry basis 
Carbon, percent, dry basis 
Hydrogen, percent, dry basis 

Ash-fusion temperature, average for all cokes from same coal, °F 
Reactivity to carbon dioxide, percent 
Ignition temperature, °C 

Minimum air rate (MAR) required to support combustion, cubic feet per hour 
Electrical resistivity, ohms per meter per square millimeter cross section 
Hygroscopicity, percent 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 





Illinois 

No. 6 ( Coal No. 10) 





500 

8.0 

16.6 

73.8 

2.9 


62.8 

374 

1.18 


5.3 

600 

5.0 

17.6 

75.3 

2.1 


65.8 

390 

1.40 

154 X 10 6 

5.7 

700 

2.1 

18.7 

76.1 

1.4 

2,400 

66.9 

441 

1.84 

93,800 

6.3 

800 

1.2 

18.8 

77.0 

0.9 


58.7 

459 

2.20 

2,060 

6.4 

900 

1.3 

18.9 

78.0 

0.5 


39.9 

470 

3.48 

361 

3.4 

1,000 

1.0 

18.5 

79.0 

0.5 


22.9 

480 

4.08 

191 

1.3 

1,100 

0.9 

18.7 

79.5 

0.3 


20.1 

501 

4.93 

162 

0.7 





Green 

River ( Coal No. 21) 





500 

10.0 

9.2 

80.2 

. 3.1 


61.9 

353 

1.09 


4.8 

600 

0.1 

9.9 

82.1 

2.3 


59.4 

410 

1.50 

19.5 X 10 6 

5.3 

700 

2.7 

10.8 

83.1 

1.3 


54.7 

429 

2.03 

5,390 

5.4 

800 

1.5 

10.8 

84.1 

0.9 

2,320 

38.4 

454 

2.48 

831 

3.5 

900 

O.G 

11.2 

84.2 



12.7 

498 

3.38 

245 

0.8 

900 (18") 

0.8 

10.8 

84.9 

0.6 ) 







1,000 

0.4 

11.1 

85.1 

0.4) 


6.4 

558 

4.15 

158 

0.2 

1,000 (18") 

0.7 

10.8 

85.6 

0.4) 







1,100 

0.3 

11.4 

85.8 

0.3 . 


4.9 

600 

4.77 

122 

0.1 





Pittsburgh Coal ( Coal 

No. 28) 





500 

9.8 

6.7 

84.2 

3.2 


54.1 

420 

1.65 


3.6 

600 

5.0 

7.1 

85.8 

2.4 


51.8 

455 

2.05 

14.8 X 10 G 

4.6 

700 

2.7 

7.4 

87.6 

1.5 


50.7 

478 

2.60 

7,660 

3.8 

800 

2.0 

7.4 

88.2 

1.2 

2,770 

39.3 

550 

3.65 

471 

1.8 

900 

O.G 

7.8 

88.8 

0.7 ) 


27.9 

570 

4.13 

192 

0.4 

900 (18") 

0.8 

7.6 

89.0 

0.6) 







1,000 

0.4 

7.8 

89.3 

0.4) 


17.7 

608 

4.40 

128 

0.3 

1,000 (18") 

0.3 

7.7 

89.4 

0.4 ) 







1,100 

0.4 

7.7 

89.8 

0.3 


11.5 

624 

4.95 

86 

0.1 





Sewell ( Summerlea ) ( Coal No. 27) 





500 

7.3 

2.S 

89.0 

3.1 


34.6 

425 

1.60 


3.2 

600 

4.1 

2.9 

90.7 

2.2 


33.3 

458 

2.20 

71,200 

4.7 

700 

2.0 

3.0 

92.1 

1.5 


33.9 

493 

2.55 

2,700 

3.0 

800 

1.9 

3.5 

92.4 

1.2 

2,730 

27.9 

508 

2.90 

316 

1.5 

900 

0,7 

3.2 

93.8 

0.7) 


12.1 

545 

3.10 

132 

0.6 

900 (18") 

0.0 

3.1 

93.9 

0.8) 







1,000 

0.5 

3.0 

94.4 

0.5) 


6.6 

555 

3.35 

94 

0.2 

1,000 (18") 

0.3 

3.1 

94.3 

■ 0.4) 







1,100 

0.3 

3.0 

94.7 

0.3 


4.4 

573 

3.80 

68 

0.1 





Sewell (< Cranberry ) (Coal No. 26) 





500 

8.3 

2.3 

88.8 

3.5 


44.1 

405 

1.45 



600 

4.7 

2.5 

90.6 

2.4 


44.0 

420 

1.90 

1,095,000 


700 

2.3 

2.6 

92.3 

1.5 


37.5 

452 

2.48 

3,590 


800 

2.2 

2.7 

92.6 

1.2 

2,520 

31.7 

479 

2.65 

461 


900 

1.1 

2.5 

93.8 

0.9) 


13.2 

511 

2.90 

148 


900 (18") 

0.6 

2.5 

94.1 

0.8) 







1,000 

0.8 

2.7 

94.2 

0.5) 


4.3 

543 

3.15 

92 


1,000 (18") 

0.5 

2.6 

94.5 

0.5) 







1,100 

0.6 

2.5 

94.8 

0.4 


5.0 

593 

3.15 

75 
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on the temperature of carbonization and is 
independent of the hydrogen content of the 
original coal 16S > 183 This effect is so regu- 
lar that Lowry and coworkers 168 have 
given the equation: 

log H = 1.42 - 0.00173T (20) 

where H is the hydrogen content of the 
coke on the dry, ash-free basis in percent- 
age and T is the carbonization temperature, 
which represented their data within a prob- 
able error of 0.09 percent from 600 to 
1,100° C, and have suggested that the hy- 
drogen content of the coke may conven- 
iently be used as a thermometer to measure 
the maximum temperature of carbonization. 
It is, therefore, not surprising that a rela- 
tion has been observed between the reactiv- 
ity of coke and its hydrogen content. 51 - 113 
The reactivity is also related to the true 
density of the coke, 101 * 1S4 which, if cor- 
rected for ash, also appears to depend only 
on the maximum temperature of carboniza- 
tion. 168 Moreover, Davis and Reynolds 129 
found that reactivity decreased as the bulk 
density of the coke increased, although Per- 
rott and Kinney 18 found that the combus- 
tibility, defined as the distance from the 
tuyeres at which carbon dioxide disappears 
in the blast furnace, was independent of 
the porosity of the coke. 

In view of their similar dependence on 
temperature (and probably also on the par- 
ent coal, although this is less certain), it 
appears that the reactivity and density of 
a coke are very strongly dependent on its 
degree of graphitization, and for many 
purposes it is immaterial which one of the 
measurements of these three classes is used 
as a criterion of coke quality. As noted by 

183 Mott, R. A., and Wheeler, R. V., pp. 312--6, 
ref. 67. Gabinskii, Y. O., and Ivrym, E. S., Khim. 
Tverdogo Topliva, 7, 650-63 (1936). 

184 Hock, H., and Schrader, O., ref. 155. 


Mott and Wheeler, 185 the true density is but 
one of the indexes of the degree of graphiti- 
zation of a coke, so it is to be expected 
that the other indexes of this characteristic 
should also be temperature dependent and 
exhibit a close correlation with the reactiv- 
ity of the coke. 51 ' 121 » 155 > 15S ' 1G2> 103 In fact, 
the electrical conductivity has been used 186 
as a measurement from which the combus- 
tibility could be calculated because it is so 
much more rapid and easy than the com- 
bustibility determination. This cannot be a 
valid procedure generally, although it may 
be permissible for a single group of coals, 
because the ash may affect the two deter- 
minations in unrelated ways. The reactiv- 
ity may be influenced by catalytic activity 
of the ash independently of the degree of 
graphitization, so that, when this specific 
property is desired, it must be measured di- 
rectly. In this connection it should be 
mentioned that not all the tests of reac- 
tivity are equally appropriate for the as- 
sessment of the effect of ash constituents. 
When the active agent is iron, initially pres- 
ent in the form of ferric oxide, low-tem- 
perature combustibility and ignition-point 
tests will not detect its effect, since the iron 
becomes active, as shown below, only when 
present as the metal or as ferrous oxide, 
and these forms appear only by reduction 
at temperatures above those used for these 
tests and in a reducing atmosphere. Hence, 
if catalysis by iron is believed to be present 
in the process, the reactivity test with car- 
bon dioxide is the only appropriate one. 

When a number of rather similar cokes 
are compared by different reactivity tests, 
it is unlikely that they will be placed in ex- 
actly the same order by all of them. This 
is probably due to the facts that in most 

185 Mott, R. A., and Wlieeler, R. V., pp. 318-25 
of ref. 67. 

186 Schairer, W., Gas- u. Wasserfach, 80, 422-4 
(1937). 
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such tests not all the physical factors which 
determine the effective reaction rates are 
eliminated or even evaluated, or that the 
tests measure some combination of proper- 
ties rather than any one specific reaction 
rate. A good example of this state of af- 
fairs is given by a report to the American 
Gas Association in 1926, 149 » 187 in which the 
results of tests by several different groups 
of experimenters were reported on five 
cokes made in different plants from the 
same coal at nearly the same temperatures. 
In Table XIII is given the order in which 


of the various cokes was much the same, 
there is practically no agreement among 
the orders of the different groups. It is sig- 
nificant, however, that the coefficients ^/G 
and fi 2 /G, calculated as described above 
(page 903), are simply related to physical 
properties of the coke but not to any of 
the chemical reactivity measurements. As 
shown in Figs. 12 and 13, ^/G is nearly 
a linear function of the apparent specific 
gravity of the coke, decreasing as it in- 
creases, whereas jl 2 !G is a linear function 
of the volume of voids in a bed of the coke 


TABLE XIII 

Order of Merit of Five Cokes by Different Tests 129 ’ 187 


Investigators and test 

Davis and Greene — reactivity to air 

reactivity to carbon dioxide 
reactivity to water vapor 


Order.of 
1 2 

B S 

B S 

B L 


Reactivity 
4 5 

U R 

V R 

V R 


Increasing 

3 

L 

L 

S 


Haslam, Ward, and Boyd 

Steam decomposition at 4 pounds per square foot per minute B L 


U R S 


Ratio 


CO 

CO -4- COo 


L S U B R 


Haslam and Ward 
Air rate to maintain fire 
Time required for ignition 

Nicholls, Orr, and Brewer 
Time to burn first 6 pounds 
Unburned combustible in residue 


R Ij B L S 

R U S B L 


U R L S B 

R U S L B 


the different cokes, designated by the let- 
ters B , L, R, S, and U, were placed by the 
different tests. It will be observed that, 
although, where several tests were per- 
formed by a single investigator, the order 

187 McBride, It. S., Proc. Am. Gas. Assoc., 
1030, 980-7. Bet ‘bee, A. M., ibid., 1926, 988- 
4 1082. Haslam, R. T., Ward, J. T., and Boyd, 
J. H. f ibid., 1926, 1083-104. Haslam, R. T., and 
Boyd, J. H., ibid., 1926, 1120-7. Nicholls, P., 
Orr, M. L., and Brewer, W. M., ibid., 1926, 
1144-59. Davis, .1. D., and Greene, J. W., ref. 
129. 


of the size used in the burning test, decreas- 
ing as the void volume increases. These 
quantities are probably the most significant 
ones for the use of the coke as fuel in 
heating furnaces, for gas producers, or for 
the blast furnace, so that their dependence 
on physical properties of the coke is strong 
support for the position taken on pages 
87 1-6 of this report, that the structural 
properties of the coke were the most im- 
portant criteria of satisfactory operation in 
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its use. The simplicity of the relations il- 
lustrated in Figs. 12 and 13 suggests that 
the determination of the coefficients ^/G 
and ^/G may be somewhat less subject to 
adventitious effects than the reactivity de- 
terminations. 

The data given in Table XII show that 
the reactivity of coke, and the related quan- 



Apparent Specific Gravity 


Fig. 12. Relation between reaction rate co- 
efficient (oxygen) and apparent specific gravity 
of coke. G = 150 pounds per square foot per 
hour. 

tities, electrical conductivity and adsorptive 
power, are not uniquely determined by the 
temperature of carbonization, but that the 
nature of the parent coal exerts a consider- 
able effect. Of cokes made at the same 
temperature, those produced from the low- 
est-rank coal have the highest reactivity. 
This is parallel to the variation with rank 
of the reactivity of the coal itself, which 
apparently persists throughout the heat 
treatment of the fuel. By a process in- 
volving a preliminary partial oxidation 188 
which appears, effectively, to reduce the 

iss Lesher, C. E., Trans. Am. Inst. Mining 
Met. Engrs.j 139, 328-63 (1940). 


rank of the coal, it is possible to produce a 
semicoke from Pittsburgh coal having a 
reactivity equal to that produced by the 
same process, without the oxidation step, 
from Illinois coal. Thus, Disco from Pitts- 
burgh coal had a value for T 1S of 205°, and 
that from Illinois coal had T 1S equal to 
210° C. 

The dependence of the reactivity of the 
coke on the parent coal has been noticed by 
several authors, 19 ' 134 > 98 » 189 some of whom, 
however, have not entirely excluded the ef- 
fect of temperature of carbonization. In 
this class are the data of King and Jones, 



50 55 60 65 70 


Void Volume, Percent 

Fig. 13. Relation between reaction rate co- 
efficient (carbon dioxide) and void volume of 
the bed. . G — 150 pounds per square foot per 
hour. 

who gave values of 2-inch shatter index, 
which may be taken as representing the 
properties of the parent coal, and of reac- 
tivity by the Fuel Research Board method 
for 41 cokes. An attempt to treat these 
data by statistical methods has shown that,, 
for cokes from all but Durham coals, there 
is no significant relation between shatter in- 


189 Hock, H., and Schrader, 0., ref. 155. 
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dex and R 1U , the reactivity index, but for 
the Durham cokes, the reactivity increases 
in proportion to the shatter index at the 
rate of 0.48 point in R m per point increase 
in shatter, with a correlation coefficient of 
0.961. This very high coefficient indicates 
that the relationship is almost certainly 
real for this group of cokes and suggests 
not that it is due to a similar dependence 
of the shatter index and the reactivity on 
the coal composition, but that this group 
of coals may be considered as a single one, 
and the relationship between the two in- 
dexes may be due to their mutual depend- 
ence on the temperature of carbonization. 
This indication is supported by the facts 
that the correlation coefficients for the 
other cokes, from South Wales and York- 
shire where the variety of coals used for 
coking is greater, are not significant, and 
that the correlation coefficient for all 41 
cokes, which is -0.416, though significant 
in magnitude, has the opposite sign from 
that for the Durham coals, so that the ap- 
parent significance appears to be due to 
the heterogeneity of the populations from 
which the data were drawn. That there is 
a small, but significant, correlation between 
shatter index and reactivity is supported by 
work on a number of blast-furnace cokes in 
the Coal Research Laboratory and should 
be expected since, as shown above, both 
factors decrease with an increase of car- 
bonizing temperature for all coals. 

Effect of Inorganic Additions to the 
Coke. The history of additions of inor- 
ganic materials to fuels for the purpose of ^ 
improving their combustion properties is 
almost as old as the history of the fuel- 
burning art, patents being reported by 
Taylor and Neville 190 from as far back as . 
1867. Although some of the additions have 
an undoubted effect on the reactivity of 

loo Taylor, H. S., and Neville, H. A., J. Am. 
Chem. 8oc., 43, 2055-71 (1921). 


high-temperature cokes, as measured by 
their rates of reaction with oxidizing gases, 
it has not been demonstrated that the effect 
on reactivity is. reflected in burning charac- 
teristics in ovens or furnaces. 191 This, of 
course, is to be expected, since with deep 
fuel beds almost all the oxygen leaving the 
bed is in the form of carbon monoxide, and 
even an infinite reactivity could not greatly 
increase the rate of burning, and even with 
comparatively shallow beds the increase of 
burning rate with reactivity is proportional 
to the increase of a quantity like (1 — er x ) 
with x , when x is relatively large. Thus, 
the only occasions when increases of reac- 
tivity by the use of addition agents, or by 
any other means, for that matter, would be 
expected to be of value are those in which 
reactions at low temperature are significant, 
as in the ignition of the fuel, and those in 
which the gasification zone is limited, as in 
automotive gas producers, or the rate of 
blast is required to be extremely great is in 
high-duty water-gas generators. This ex- 
pectation is confirmed by Nicholls’ find- 
ing 191 that the rate of ignition in underfeed 
burning is increased by the addition of 0.2 
percent soda, although larger applications 
caused a decrease in ignition rate because 
of the method of application, which pro- 
duced an external coating on the coke, and 
the fact that the only use for which coke 
containing addition agents is produced com- 
mercially 192 is for domestic fuel in open 
grates, where, as mentioned above (page 
874), the problem of ignition of the fuel is 
a very pressing one. 

The most effective catalysts for coke 
are the metals of the alkali group, usually 
applied as the carbonates, 38 ' 130> 134> 193 al- 

191 Nicliolls, P., U. S. Bur. Mines, Bull. 404 
(1937), 158 pp. 

192 Brewin, W., and Mott, R. A., ref. 50. 

193 Cobb, J. W., and Sutcliffe, J. A., Branson, 
W. R., and Dent, F. J., Trans. Inst. Gas Engrs ., 
192G— 7* 333-402; Fuel, 6, 449-73 (1927); Gas 
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though other salts such as the sulfate, chlo- 
ride, and cyanide have been used, as well 
as the oxide. Kroger has shown that the 
effectiveness of the alkalies increases in the 
order lithium, sodium, potassium, i.e., in the 
order of their atomic weights. Sutcliffe and 
Cobb showed that the acid ion associated 
with the metal had only a slight effect on 
the efficacy of the addition agent; Branson 
and Cobb, King and Jones, and Neumann 
and van Ahlen showed that calcium, as cal- 
cium oxide, was less effective than soda. 
Askey and Doble, however, showed that a 
portion of the soda could be replaced by 
lime, when it became necessary to add only 
about 1/2 percent by weight of soda to se- 
cure the maximum activation of the re- 
action. 

In spite of the large amount of work that 
has been done with these addition agents, 
it is difficult to estimate, quantitatively, the 
effect of a given amount of addition because 
the reactivity tests made on the activated 
cokes have generally yielded little informa- 
tion concerning the actual change in the 
chemical reaction rates secured. The effect 
of the addition is not proportional to the 
amount added but is large at first and then 

J., 182, 946-51 (1938). Dent, F. J., ref. 121. 
Fox, D. A., and White, A. EL, Ind. Eng. Chem., 
23, 259-66 (1931). Moore, B., and Wevell, G. J., 
J. Soo. Chem. Ind., 50, 229-42T (1931). Fischer, 
F., Pichler, H., and Reder, R., Brennst off -Chem 

13, 346-50 (1932). Kroger, C., and Fingas, E., 
Z. anorg. Chem., 212 , 269-83 (1933). Neumann, 
R., and van Ahlen, A., ref. 182. Weiss, C. B., 
and .White, A. EL, Ind. Eng . Chem ., 26, 83-7 
(1934). Askey, P. J., and Doble, S. M., Fuel, 

14, 197-201 (1935). Brewer, R. E., and Reyer- 
son, L. H., ref. 122. Adadurov, I. E., Grigor’ev, 
B. A., and Sergeeva, N. G., J. Applied Chem. 
( U.S.S.R. ), 7, 303-11 (1936) ; Chem. Aha., 31, 
2786 (1937). Heinze, R., and Farnov, EL, ref. 
124. Foxwell, G. E., J. Inst. Fuel , 10, 287-8 
(1937). Stubbs, A. E., iUd., 10, 125-48 (1937). 
Kroger, C„ and Melhorn, G., ref. 122. Newall, 
H. E., ref. 123. KrQger, 0., Angew. Chem., 52, 
129-39 (1939). Golovatyi, R. N., J. Applied 
Chem. ( U.8.8.R. ), 12, 1178-86 (1940) ; Chem. 
Aha., 34, 3053 (1940). 


falls off with larger additions. Heinze and 
Farnov 124 have found that, for additions 
greater than 10 percent, the reactivity may 
even be decreased. This probably is due to 
the effect observed by Nicholls 191 of shield- 
ing of the coke surface by the addition 
agent. Adadurov and his collaborators 193 
and Sebastian 194 have observed that, if the 
reaction rates of coke are plotted against 
the inverse absolute temperature according 
to the Arrhenius representation, treatment 
of the fuel with alkali raises the curve but 
leaves its slope unchanged ; hence, the tem- 
perature coefficient and heat of activation 
remain unchanged by the activation. From 
Fig. 4 of Sebastian's paper it can be esti- 
mated that the treatment of a high-tem- 
perature coke with 3 percent of soda in- 
creased the reaction rate by a constant ratio 
over the temperature range studied, and 
that this ratio was equal to 20.3 at an oxy- 
gen partial pressure the same as that of air, 
i.e., 0.207. The last qualification is essen- 
tial because it was shown in the same work 
that after activation the reaction of oxygen 
with coke was no longer of the first order 
but decreased from first order at low oxy- 
gen concentrations toward zero order at 
oxygen pressures higher than atmospheric. 
It was noted that this behavior is charac- 
teristic of reactions that take place through 
an adsorbed layer. 

White and his co workers 193 have set up 
a mechanism for the activating effect of 
soda, with which Kroger and his associates 
are in agreement. They believed that the 
soda is reduced to metallic sodium in the 
region where activation occurs by reduction 
by the carbon present, and that the sodium 
then vaporizes and is transported to cooler 
parts of the bed where it can react with 
carbon dioxide in the gases and again be 

194 Sebastian, J. J. S., Preprints Symposium 
on Combustion of Solid Fuel, Am. Chem. 8oc. } 
Boston, September, 1939, pp. 37-40. 
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deposited as soda. This mechanism was 
supported by evidence that soda had mi- 
grated as vapor at the temperatures of the 
experiments, which could have happened 
only if metallic sodium were present. Just 
how the metallic sodium increases the speed 
of the reaction is not certain, but it is sug- 
gested that it may, in effect, clean the car- 
bon surfaces of an adsorbed oxide layer, 
thus increasing the surface available for re- 
action. 

Iron is also a very effective catalyst, es- 
pecially in the high-temperature gasification 
reactions. 101 ’ 1S4 » 195 It was found by King 
and associates, however, that only easily re- 
ducible iron, i.e., ferric oxide or ferrous sul- 
fide, was effective in catalyzing the reaction 
C + C0 2 = 2CO, and then only when the 
iron was exposed to a reducing atmosphere 
at high temperature long enough to pro- 
duce the lower oxide or metallic iron. In 
the Fuel Research Board reactivity test, 
the sample is heated in a nitrogen atmos- 
phere for an hour before the test is per- 
formed, allowing time enough for this re- 
duction to take place. The first reading 
made, giving a high reading on cokes con- 
taining iron, is called R lt but it is found 
that this high value is not maintained. 
With continued passage of carbon dioxide 
the iron is reoxidized to the ferric state, 
when a much lower value of reactivity, 
called R 1U , is observed. In confirmation of 
this mechanism, Bahr and Fallbbhmer 101 

195 Bahr, H., ref. 121. Cobb, J. W., and Sut- 
cliffe, J. A., Branson, W. R., and Dent, F. J., ref. 
193. Nettlenbusch, L., ref. 121. King, J. G., 
Jones, J. H., and Sinnatt, F. S., Dept. S ci. Ind. 
Research (British), Fuel Research Tech. Paper 
25 (1930), 42 pp. Luyken, W., and Bierbrauer, 
E., Arch. Eisenhiittenw 4, 505 (1931) ; Stahl u. 
Eisen, 51, 739 (1931). Moore, B., and Wevell, 
G. J., ref. 193. Fischer, F., Pichler, H., and 
Reder, R., ref. 193. Neumann, B., and van 
Ahlen, A., ref. 182. Adadurov, I. E., Grigor’ev, 
B. A., and Sergeeva, N. G., ref. 193. Simek, B., 
and Coufalik, F., ref. 159. Kroger, C., and Mel- 
horn, G., ref. 122. Golovatyi, R. N., ref. 193. 


found that iron did not affect the ignition- 
point observation, when it was added as 
ferric oxide, although it did affect the reac- 
tivity to carbon dioxide. The explanation 
for these facts is that the temperature was 
never high enough in the ignition-point 
test, nor was a reducing atmosphere pres- 
ent, to reduce the iron to the ferrous state. 
Bahr and Fallbohmer also observed that 
silica added to coke had a negligible effect 
on the reactivity, as was also found by Neu- 
mann and van Ahlen, what effect there was 
being negative; when both silica and iron 
were added, however, the iron was no longer 
effective in increasing reactivity unless the 
determination was made at temperatures 
above 1,100° C. Thus, it appears that silica 
is able to react with iron, probably to form 
an iron silicate, which removes the iron as 
an effective catalytic agent. 

Several other materials have also been ex- 
amined for catalytic effects. Among these 
are manganese dioxide, found by Bahr and 
Fallbohmer to have a slight effect, and by 
King and Jones 134 to have none, and cu- 
pric oxide and zinc oxide, found by Bahr 
and Fallbohmer to have a small and no 
effect, respectively. Neumann and van Ah- 
len and Golovatyi found that both silica 
and alumina lowered the reactivity of coke; 
Fischer, Pichler, and Reder found alumina 
to be more effective than iron. After in- 
vestigating the effects of the oxides of alu- 
minum, cobalt, manganese, titanium, ura- 
nium, iron, nickel, chromium, and copper, 
whose effectiveness they found to increase 
in the order given, Kroger and Melhorn 122 
developed a binary catalyst of potassium 
oxide with cuprous oxide that produced the 
greatest catalytic effect of any compound 
they investigated. 

Conclusions 

From this discussion it is evident that, 
although many methods of measurement of 
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coke properties are available, and there is 
even some information on how those prop- 
erties may be influenced, there is little real 
knowledge of whether it would be beneficial 
or not to produce cokes having specific 
characteristics. Apparently, the greatest 
need at present is for an extension of the 
work of correlating the measured proper- 
ties of coke with its behavior in the various 
processes in which it is used. A device for 
correlating this information has been dem- 
onstrated in this report. 

Although, as mentioned above, some in- 
formation on how the properties of coke 
may be influenced is available, probably a 
good deal more has been recorded in the 
literature that has not yet been correlated 
with what is recognized as pertinent. 
Hence, it seems desirable that more effort 
be expended on the correlation of the data 
already published so that all the material 


available is brought to bear on each ques- 
tion at issue. Only in this way can the 
appropriations available for research, al- 
ways too much limited, be spent to best 
advantage. 

The information on methods of influenc- 
ing coke properties by changes in methods 
of coke production is, to a great extent, ex- 
pressed in terms of the effects of changes 
in the fundamental variables of the pro- 
duction process, not in terms of the con- 
trollable variables of practice. Since the 
fundamental variables, like maximum tem- 
perature of carbonization and rate of heat- 
ing, cannot always be controlled, the effect 
of changes in coking practice cannot always 
be predicted. Therefore, very likely the 
most profitable present lines of investiga- 
tion on coke concern the mechanism of its 
production rather than, directly, methods 
of influencing its properties. 
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by washing with water under pressure, 1042 
direct process of, 1033-6, 1039-40, 1373, 
1376, 1394 

economics of, 1079-80 

indirect process of, 1032-4, 1039-41, 1373, 
1375-7, 1389, 1394-5 

semi-direct process of, 1033-6, 1039-40, 

1373, 1376, 1394 
steam consumption in, 1036 
use of base-exchange materials for, 1057 
use of gypsum for, 1057-60 
recovery from spent oxide, 1078-9 
simultaneous recovery of sulfur and, 1060-72 
synthesis, production of gas for, 1718-21 
thermal stability, 1011-4 
toxicity, 1417 

Ammonia saturators, 1038, 1042-3, 1121, 1394-5 
thermal equilibrium in, 1044 
Ammonia stills, 1037, 1390-2, 1396, 1399, 1401-2 
Ammoniacal liquor, 1371—481 ; see also Ammonia 
and ammonium salts 

ammonia in, 470, 932, 1020, 1032-3, 1371, 1393 
ammonium bicarbonate from, 1372 
analyses of crude ammonia liquor from, 1399- 
400 

as a fertilizer, 1411-2 

biological purification of, 1372-3, 1419-20, 

1425-37 

chemical precipitants for purification of, 1467- 
8 

composition, 1379-87 
corrosion by, 1373, 1388-9 
crude ammonia liquor from, 1395—7 
crystallization of salts from concentrated, 1397 
cyanogen in, 1094 
decarbonation, 1397-9, 1402 
dephenolization, 1372-3, 1442-62 
• by precipitation with lead salts, 1460-1 
by treatment with formaldehyde, 1462 
by treatment with halogens, 1461 
by vaporization, 1452-7 
Heffner-Tiddy process for, 1454-5 
Koppers vapor-recirculation process for, 
1452-4 

with activated carbon, 1457-9 
with benzene, 1442—9 
with miscellaneous solvents, 1451-2 
with solid adsorbents, 1457-9 
with tar bases and benzene, 1448-9 
with tricresyl phosphate, 1449-51 
discharge into ground, 1420-1 
discharge into streams, 1413-20 
distillation, 1389-94, 1400-1, 1406 
effect of coal moisture on yield of, 856-7, 1378 
effect of oxidation of coal on yield of, 860-1 
effect of oxidation on, 1387-8 
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Ammoniacal liquor, effect of temperature on 
yield of, 1295-6, 1299-301, 1378 
evaporation of, 1423—4 
for washing ammonium sulfate, 1048-9 
hydrocyanic acid in, 943 
hydrogen sulfide in, 944 

loss of ammonia by evaporation of, 1388, 1403 
methods for improvement in production, 1437- 
42 

methods of analysis of, 1408-SI 
oxidation of, 1465—7 

oxygen absorption by, 1380-1, 1380-6, 1393, 
1399-400, 1407-8, 1415-0 
phosphorus compounds in, 1381 
production of ammonium salts from, 1403—10 
production of concentrated ammonia liquor 
from, 1394—403 

pure ammonia liquor from, 1401-3 
purification in sewage plants, 1425-37 
pyridine in, 944, 1126-7 
quenching of coke with, 1372-3, 1421—3 
recovery of ammonium chloride from, 1075-0 
recovery of cyanides from, 1463-4 
recovery of thiocyanates from, 1462 
removal of hydrogen sulfide from, 1464-5 
removal of organic acids from, 1465 
sources, 1373-7 
specific lieat, 1389 
still waste from, 1392-3 
stream pollution by, 1371-3, 1413-20 
sulfur balance in, 1383 
toxicity to fish, 1416-9 
typical analyses, 1380-5 
utilization, 1410-3 

volumes produced in ammonia-recovery sys- 
tems, 1032-41, 1378-9 
Ammoniation, of peat, 1055 
of superphosphate, 1072-4 
Ammonium acetate in ammoniacal liquor, 1379 
Ammonium bicarbonate, equilibrium constant of 
formation of, 1404 

from ammoniacal liquor, 1372, 1403-6 
in ammoniacal liquor, 1379, 1382, 1386 
uses, 1403 
volatility, 1406 

Ammonium bisulfite, in liquid purification of gas, 
993, 996 

oxidation to sulfate, 10C5-7 
Ammonium carbonates, formation in ammonia 
recovery, 1041, 1074-5, 1405 
from carbonization of coal, 1359 
in ammoniacal liquor, 1379-82, 1386, 1388, 
1393 

in gypsum process of ammonium sulfate re- 
covery, 1057-9 

Ammonium chloride, corrosion of tar stills by, 
1079 

effects on ammonia recovery, 1034-0 
from ammoniacal liquor, 1372, 1406-9 
from carbonization of coal, 1370 
in ammoniacal liquor, 1379-82, 1384 
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Ammonium chloride, production from ammonium 
sulfate, 1076-7 
purification, 1407-8 

recovery in direct ammonia-recovery processes, 
1075 
uses, 1077 

yield of, on carbonization of coal, 1075 

Ammonium cyanate from carbonization of coal, 
1359 

Ammonium cyanide in ammoniacal liquor, 1379- 
81, 1385, 13S7-8, 1393 

Ammonium ferrocyanide in ammoniacal liquor, 
1379-80, 1388 

Ammonium humates from ammonia recovery, 
1055 

Ammonium hydrosulfide in ammoniacal liquor, 
1379 

Ammonium hydroxide extraction of peat, 684 

Ammonium nitrate, production in ammonia re- 
covery, 1077-8 

Ammonium phosphates, formation in ammonia 
recovery, 1072—4 
from ammoniacal liquor, 1410 

Ammonium polysulfide in ammoniacal liquor, 
1379, 1387 

Ammonium sulfate, acidity, 1046-8, 1052-3 
caking, 1046-7, 1126 
centrifuges for, 1045-6 
color, 1046, 104S-51 
commercial yields, 1021, 1031 
continuous recovery, 1044 
control of crystallization of, 1043, 1051 
effect of rate of heating on yield of, 843-7 
effect of sodium sulfate in, 1054 
effect of steaming on yield of, 1027-30 
effect of temperature on yield of, 469, 471, 
841, 843-7, 1018 

from ammoniacal liquor, 1372, 1409-10 
from ethyl sulfuric acid, 1054-5 
from niter cake, 1053—5 
hygroscopicity, 1047 
in ammoniacal liquor, 1372, 1409-10 
moisture content, 1046-8 
neutralization of acidity in, 1048-50 
odor, 1046, 1126 

production of ammonium chloride from, 1076-7 
production of ammonium nitrate from, 1077-8 
production in United States, 1081 
pyridine in, 1046—7, 1002, 1126 
recovery from gas, 992-7, 1042-55, 1057-72 
saturators for, 1038, 1042-3, 1121, 1394-5 
size and shape of crystals of, 1042-3, 1047-8, 
1051-3 

solubility, 1043-4 
toxicity, 1417 

Ammonium sulfide, from ammoniacal liquor, 1410 
from carbonization of coal, 1359 
in ammoniacal liquor, 1379-83, 1385, 1387-8, 
1393 

Ammonium sulfite, formation in liquid purifica- 
tion of gas, 993, 996, 1063-4 


lxix 

Ammonium sulfite, from ammoniacal liquor, 1372 
in ammoniacal liquor, 1379-80, 1385 
oxidation to sulfate, 970, 993, 997, 1064-7 
solubility, 1065 

vapor pressures of aqueous solutions of, 1065 
Ammonium thiocyanate, conversion to sulfate, 
1069-70 

for purification of ammonia, 1399 
formation in liquid purification of gas, 973, 
975, 984-5, 995, 1068-9, 1110 
from ammoniacal liquor, 1410 
from carbonization of coal, 1363 
in ammoniacal liquor, 1379-81, 1383, 1385, 
1387-8, 1393 
toxicity, 1417 

Ammonium thiosulfate, from ammoniacal liquor, 
1410 

in ammoniacal liquor, 1379-83, 1385, 1387-8, 
1393 

Amylenes, in light oil, 1139, 1141-2 
influence on benzol-refining, 1202 
removal from light oil, 1201 
Aniline, extraction of coal by, 727, 734-5, 738, 
741, 746-7, 751, 755 
from carbonization of coal, 13G3 
from hydrogenation of coal, 479, 1779 
in ammoniacal liquor, 470, 1384 
in coal gas, 1131 
in high-temperature tar, 471, 473 
in low-temperature tar, 470-1 
in peat tar, 470 

o-Anisidine, extraction of coal by, 735 
Anisole, extraction of coal by, 738 
Anthracene, effect of temperature on yield of, 
1300 

extraction of coal by, 732, 735, 755 
from carbonization of coal, 1368 
from coal extracts, 743 
from hydrogenation of coal, 1780 
in coal tar, 1326-7, 1333-5 
purification, 1334-5 
uses, 1333 

Anthracene oil, composition, 1326 

extraction of coal by, 69, 704, 711, 751 
in coal tar, 1326 

Anthracite for blue-gas manufacture, 1709-10 
Anthracoke process, 859 
Anthrakoxen, 742 

Anthraxylon, 6-7, 10, 27-30, 33-4, 87, 128 
hydrogenation, 387-91, 401, 1758 
mineral matter in, 489, 493 
Antimony pentachloride, action on coal, 345 
Apatite, 23, 487-8 

Aqueous liquor, see Ammoniacal liquor 
Arabinose from extraction of peat, 686 
Aromatic acids, see Benzenoid acids 
Arsenic in coal pyrites, 439 
Ash, see Coal ash 

Attritus, 7, 11, 27, 29-31, 33, 87, 109 
opaque, 6, 29-30, 33-4, 88, 102 

hydrogenation of, 387-91, 395, 1758 
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.mmonia, recovery from gas, as ammonium salts 
by double decomposition, 1055-6 
as ammonium sulfate, 1042-60, 1393-4, 

1409-10 

by absorption, refrigeration, 1041 
by -washing with water under pressure, 1042 
direct process of, 1033-6, 1039-40, 1373, 
1376, 1394 

economics of, 1079-80 

indirect process of, 1032-4, 1039-41, 1373, 
1375-7, 1389, 1394-5 

semi-direct process of, 1033-6, 1039-40, 

1373, 1376, 1394 
steam consumption in, 1036 
use of base-exchange materials for, 1057 
use of gypsum for, 1057-60 
recovery from spent oxide, 1078-9 
simultaneous recovery of sulfur and, 1060-72 
synthesis, production of gas for, 1718-21 
thermal stability, 1011-4 
toxicity, 1417 

Ammonia saturators, 1038, 1042-3, 1121, 1394-5 
thermal equilibrium in, 1044 
Ammonia stills, 1037, 1390-2, 1396, 1399, 1401-2 
Ammoniacal liquor, 1371-481 ; see also Ammonia 
and ammonium salts 

ammonia in, 470, 932, 1020, 1032-3, 1371, 1393 
ammonium bicarbonate from, 1372 
analyses of crude ammonia liquor from, 1399- 
400 

as a fertilizer, 1411-2 

biological purification of, 1372-3, 1419-20, 
1425-37 

chemical precipitants for purification of, 1467- 
8 

composition, 1379-87 
corrosion by, 1373, 1388-9 
crude ammonia liquor from, 1395-7 
crystallization of salts from concentrated, 1397 
cyanogen in, 1094 
decarbonation, 1397-9, 1402 
dephenolization, 1372-3, 1442-62 
• by precipitation with lead salts, 1460-1 
by treatment with formaldehyde, 1462 
by treatment with halogens, 1461 
by vaporization, 1452-7 
Heffner-Tiddy process for, 1454-5 
Koppers vapor-recirculation process fox*, 
1452-4 

with activated carbon, 1457-9 
with benzene, 1442-9 
with miscellaneous solvents, 1451—2 
with solid adsorbents, 1457-9 
with tar bases and benzene, 1448-9 
with tricresyl phosphate, 1449-51 
discharge into ground, 1420-1 
discharge into streams, 1413-20 
distillation, 1389-94, 1400-1, 1406 
effect of coal moisture on yield of, 856-7, 1378 
effect of oxidation of coal on yield of, 860-1 
effect of oxidation on, 1387-8 
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Ammoniacal liquor, effect of temperature on 
yield of, 1295-6, 1299-301, 1378 
evapox-ation of, 1423—4 
for washing ammonium sulfate, 1048 9 
hydrocyanic acid in, 943 
hydrogen sulfide in, 944 

loss of ammonia by evaporation of, 1388, 1403 
methods for improvement in production, 1437™ 
42 

methods of analysis of, 1468-81 
oxidation of, 1465-7 

oxygen absorption by, 1380-1, 1385-6, 1393, 
1399-400, 1407-8, 14i5-G 
phosphorus compounds in, 1381 
production of ammonium salts from, 1403-10 
production of concentrated ammonia liquor 
from, 1394-403 

pure ammonia liquor from, 1401-3 
purification in sewage plants, 1425-37 
pyridine in, 944, 1126-7 
quenching of coke with, 1372-3, 1421-3 
recovery of ammonium chloride from, 1075-6 
recovery of cyanides from, 1463-4 
recovery of thiocyanates from, 1402 
removal of hydrogen sulfide from, 1464-5 
removal of organic acids from, 1465 
sources, 1373-7 
specific heat, 1389 
still waste from, 1392-3 
stream pollution by, 1371-3, 1413-20 
sulfur balance in, 1383 
toxicity to fish, 1416-9 
typical analyses, 1380-5 
utilization, 1410-3 

volumes produced in ammonia-recovery sys- 
tems, 1032-41, 1378-9 
Ammoniation, of peat, 1055 
of superphosphate, 1072-4 
Ammonium acetate in ammoniacal liquor, 1379 
Ammonium bicarbonate, equilibrium constant of 
formation of, 1404 

from ammoniacal liquor, 1372, 1403—6 
in ammoniacal liquor, 1379, 1382, 1386 
uses, 1403 
volatility, 1406 

Ammonium bisulfite, in liquid purification of gas, 
993, 996 

oxidation to sulfate, 1065-7 
Ammonium carbonates, formation in ammonia 
recovery, 1041, 1074-5, 1405 
from carbonization of coal, 1359 
in ammoniacal liquor, 1379-82, 1380, 1388, 
1393 

in gypsum process of ammonium sulfate re- 
covery, 1057-9 

Ammonium chloride, corrosion of tar stills by, 
1079 

effects on ammonia recovery, 1034-6 
from ammoniacal liquor, 1372, 1406-9 
from carbonization of coal, 1370 
in ammoniacal liquor, 1379-82, 1384 
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Ammonium chloride, production from ammonium 
sulfate, 1076-7 
purification, 1407-8 

recovery in direct ammonia-recovery processes, 
1075 

uses, 1077 

yield of, on carbonization of coal, 1075 
Ammonium cyanate from carbonization of coal, 
1359 

Ammonium cyanide in ammoniacal liquor, 1379- 
81, 1385, 1387-8, 1393 

Ammonium ferrocyanide in ammoniacal liquor, 
1379-80, 1388 

Ammonium humates from ammonia recovery, 
105i> 

Ammonium hydrosulfide in ammoniacal liquor, 
1379 

Ammonium hydroxide extraction of peat, 684 
Ammonium nitrate, production in ammonia re- 
covery, 1077-8 

Ammonium phosphates, formation in ammonia 
recovery, 1072-4 
from ammoniacal liquor, 1410 
Ammonium polysulfide in ammoniacal liquor, 
1379, 1387 

Ammonium sulfate, acidity, 1046-8, 1052-3 
caking, 1046-7, 1126 
centrifuges for, 1045-6 
color, 1046, 1048-51 
commercial yields, 1021, 1031 
continuous recovery, 1044 
control of crystallization of, 1043, 1051 
effect of rate of heating on yield of, 843-7 
effect of sodium sulfate in, 1054 
effect of steaming on yield of, 1027-30 
effect of temperature on yield of, 4G9, 471, 
841, 843-7, 1018 

from ammoniacal liquor, 1372, 1409-10 
from ethyl sulfuric acid, 1054-5 
from niter cake, 1053-5 
liygroscopicity, 1047 
in ammoniacal liquor, 1372, 1409-10 
moisture content, 1046-8 
neutralization of acidity in, 1048-50 
odor, 1046, 1126 

production of ammonium chloride from, 1076-7 
production of ammonium nitrate from, 1077-8 
production in United States, 1081 
pyridine in, 1046-7, 1052, 1126 
recovery from gas, 992-7, 1042-55, 1057—72 
saturators for, 1038, 1042-3, 1121, 1394-5 
size and shape of crystals of, 1042-3, 1047-8, 
1051-3 

solubility, 1043-4 
toxicity, 1417 

Ammonium sulfide, from ammoniacal liquor, 1410 
from carbonization of coal, 1359 
in ammoniacal liquor, 1379-83, 1385, 1387-8, 
1393 

Ammonium sulfite, formation in liquid purifica- 
tion of gas, 993, 996, 1063-4 


hdx 

Ammonium sulfite, from ammoniacal liquor, 1372 
in ammoniacal liquor, 1379-80, 13S5 
oxidation to sulfate, 970, 993, 997, 1064—7 
solubility, 1065 

vapor pressures of aqueous solutions of, 1065 
Ammonium thiocyanate, conversion to sulfate, 
1069-70 

for purification of ammonia, 1399 
formation in liquid purification of gas, 973, 
975, 984-5, 995, 1068-9, 1110 
from ammoniacal liquor, 1410 
from carbonization of coal, 1363 
in ammoniacal liquor, 1379-81, 1383, 1385, 
1387-8, 1393 
toxicity, 1417 

Ammonium thiosulfate, from ammoniacal liquor, 
1410 

in ammoniacal liquor, 1379-83, 1385, 13S7-8, 
1393 

Amylenes, in light oil, 1139, 1141-2 
influence on benzol-refining, 1202 
removal from light oil, 1201 
Aniline, extraction of coal by, 727, 734-5, 738, 
741, 746-7, 751, 755 
from carbonization of coal, 1363 
from hydrogenation of coal, 479, 1779 
in ammoniacal liquor, 470, 1384 
in coal gas, 1131 
in liigh-temperature tar, 471, 473 
in low-temperature tar, 470-1 
in peat tar, 470 

o-Anisidine, extraction of coal by, 735 
Anisole, extraction of coal by, 738 
Anthracene, effect of temperature on yield of, 
1300 

extraction of coal by, 732, 735, 755 
from carbonization of coal, 1368 
from coal extracts, 743 
from hydrogenation of coal, 1780 
in coal tar, 1326-7, 1333-5 
purification, 1334-5 
uses, 1333 

Anthracene oil, composition, 1326 

extraction of coal by, 69, 704, 711, 751 
in coal tar, 1326 

Anthracite for blue-gas manufacture, 1709-10 
Anthracoke process, 859 
Anthrakoxen, 742 

Anthraxylon, 6-7, 10, 27-30, 33-4, 87, 128 
hydrogenation, 387-91, 401, 1758 
mineral matter in, 489, 493 
Antimony pentachloride, action on coal, 345 
Apatite, 23, 487-8 

Aqueous liquor, see Ammoniacal liquor 
Arabinose from extraction of peat, 686 
Aromatic acids, see Benzenoid acids 
Arsenic in coal pyrites, 439 
Ash, see Coal ash 

Attritus, 7, 11, 27, 29-31, 33, 87, 109 
opaque, 6, 29-30, 33-4, 88, 102 

hydrogenation of, 387-91, 395, 1758 
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ttritus, translucent, 29-30, 33, 88 
hydrogenation of, 387-91, 1758 
.ugite, 23, 488 

available hydrogen, 42, 47, 55 
..V.G. producer, 872 

k. zulene from carbonization of coal, 1361 

bacteria, in coal formation, 9, 11 
in dry purification of gas, 966 
nitrogen in, 451 

oxidation of hydrocyanic acid by, 1123 
Balchaschite, 702 
Barite, 578, 581 

Barrett tar-recovery process, 1320-1 
Barvoys process, 578, 581 

Base-exchange materials, for ammonia recovery, 
1057 

for pyridine recovery, 1057 
from coal, 359 
in coal formation, 10 

Bases, see also Tar bases and individual bases 
from acid extraction of coal, 455-8 
from carbonization of coal, see Tar bases ; Am- 
monia ; Pyridine ; etc. 
from hydrogenation of coal, 379, 479-80 
from petroleum, 461-6, 475 
from solvent extraction of coal, 458-9, 744-5, 
747 

from vacuum distillation of coal, 459-61, 467 
in ammoniacal liquor, 470 
in light oil, 1148 
in peat tar, 470 

in vacuum tar, 459-60, 763-4, 771 
Baum jig, 575-6 
Baur’s fuel cell, 1577 
Becker coke oven, 794, 796, 800-4 
Bellay producer, 1668-9 
Benesh steam-decomposition meter, 1707 
Benzaldehyde, extraction of coal by, 733, 738 
in ammoniacal liquor, 1386 

l, 2-Benzanthracene from carbonization of coal, 

1370 

Benzene, see also Benzol 
' effect of coal moisture on yield of, 857 

extraction of coal by, 690-2, 699, 701—6, 

710-7, 721-30, 733, 737, 739, 741-6, 755, 
757-9 

extraction of peat by, 678, 682-3, 689 
for deplienolization of ammoniacal liquor, 
1442-9 

from carbonization of coal, 1359 
from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1143, 1146, 
1325-6 

effect of temperature on yield of, 1295 
physical properties, 1146 
recovery from gas, 926 
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Benzene, synthesis, 1798 
toxicity, 1418 
uses, 1138, 132S-9 

Benzenecarboxylic acids, from oxidation of coal. 
363-8, 372, 375, 714 
hydrogenolysis, 416 

Benzenepentacarboxylic acid from oxidation of 
coal, 360, 363, 365-6, 369, 372-4 
Benzerythrene from carbonization of coal, 1370 
4,5-Benzindan from carbonization of coal, 13GS 
Benzine, see Petroleum distillates 
Benzenoid acids, see also individual acids 
from oxidation of coal, 367-8 
nitrogen in, 478 

Benzocarbazole in higli-temperature tar, 473 
2,3-Benzoearbazole, from carbonization of coal, 
1370 

in high-temperature tar, 472 

1.2- and 2,3-Benzofluorenc from carbonization of 

coal, 1370 

Benzoic acid, extraction of coal by, 738 
from carbonization of coal, 1366 
from oxidation of coal, 365-7 
in coal tar, 1327 

Benzol, see also Benzene ; Light oil 
commercial grades, 1150-2 
composition, 1141 

preparation of thiophene-free, 1144, 1228-51 
production statistics, 113S-9 
purification by crystallization, 1212, 1225 
removal of paraffins from, 1212 
solid adsorbents for refining, 1221 
uses, 1150, 1152 

1.2- Benzonaphthacene from carbonization of coal, 

1370 

Benzonjtrile, in high-temperature tar, 471, 473, 
1363 

in light oil, 1148 
physical properties, 1148 
1,12-Benzoperylcne from hydrogenation of coal, 
383, 1780 

Benzophenone, extraction of coal by, 757 

1.2- and 4,5-Benzopyrene from carbonization of 

coal, 1370 

Benzoquinone from oxidation of coal, 360 
1,9-Benzoxanthene from carbonization of coal, 
1370 

Benzylquinoline in pent tar, 470 
Berengelite, 742 

Bergius process, see Hydrogenation of coal 
Bethlehem tester, 264, 266 
Betulinol from extraction of coal, 695 
Biological purification of ammoniacal liquor 
1372-3, 1419-20, 1425-37 
Biotite, 23, 488 

Biphenyl, extraction of coal by, 732, 738 
from carbonization of coal, 1366 
from extraction of coal, 713 
Bitumens, see also Coal resins 
formation of, 11-2, 715-6 
from extraction of coal, 678, 690-4, 715 
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Bitumens, from extraction of peat, 679-89 
hydrogenation of, S91— 4 
vacuum distillation of, 764 
Bituminol from extraction of coal, 699 
Bituminous coal for blue-gas manufacture, 1712- 
4 

Blast-furnace coke, see Coke ; Blast-furnace 
operation 

Blast-furnace operation, 864-71 
effect of asli in coke on, 587 
effect of sulfur in coke on, 448-9 
evaluation of coke for, 865-71, 888, 890, 894, 
915 

Blending of coals, effect on coke strength, 908-9 
effect on plastic properties, 169, 196, 210-1, 
216-9, 257, 281, 2SS-92 
effect on yields of carbonization products, 843 
with inerts, 909-12 
Blue band in Illinois No. 6 Seam, 485 
Blue gas, 1673 ; see also Water gas ; Water-gas 
production 

Blue salt, 1048, 1050 
Boghead coal, 30, 35, 69, 89-90, 119 
hydrogenation of, 386 
origin of, 4, 21—2, 37 
solvent extraction of, 678, 702-4 
Boiler tubes, slagging of, 561-5, 571, 1495, 1562 
Bombiccite, 693 

Borax as flux for coal-ash slag, 532, 554 
Boric acid, effect on plastic properties of coal, 
219, 254, 258-9 

Boudomml reaction, 1587, 1597-603 
Brandt producer, 1607 

Briquetting of coal, effect of moisture in, 623—6 
Bromination of coal, 338-44 
Bromobenzeno, extraction of coal by, 738 
Bromoforrn, extraction of coal by, 738 
Briinck process, 1034, 1075 
B.S.T. swelling index, 186-7 

Bubiag-Didier producer, 1635, 1645, 1647, 1839 ; 

see also Didier producer 
Buob process, 1097, 1103-6 

Bulk density of coal, 815, 619-22, 778, 852-5, 
907 

Bunsen burner, 1265-71 

Burkheiser process, 442, 970, 993, 997, 1063—5, 
1113 

Butadiene in coal gas, 931, 941 
1,3-Butndiene, from carbonization of coal, 1358 
in coal gas, 929 
3n light oil, 1142/1147 
physical properties, 1147 
Butane, in coal gas, 929, 931, 938, 1253 
synthesis, 1798 

n-Butnne, from carbonization of coal, 1358 
in coal gas, 929, 931, 938 
n-Butanol, extraction of coal by, 737 
extraction of peat by, 682 
n-Butcne, see Butylene 
Butene-1, from carbonization of coal, 1358 


Butene-1, physical properties, 1147 
Butene-2 from carbonization of coal, 1358 
w-Butylacetate, extraction of peat by, 6S2 
Butylacetylene from carbonization of coal, 1359 
Butylene, in coal gas, 929, 931, 939, 1253 
synthesis, 1798 

Butyne-2, in light oil, 1142, 1147 
physical properties, 1147 
Butyric acid, from oxidation of coal, 360 
synthesis, 1838 

n-Butyric acid, from carbonization of coal, 1302 
in ammoniacal liquor, 1384, 1386 

Calcite, 23, 485, 487-9, 494-5, 572-3 
Calcium carbonate, see Calcite ; Lime 
Calcium chloride, addition to coal for carboniza- 
tion, 1024 

for coal cleaning, 580-1 
for dustproofing coal, 598 
for gas conditioning, 1251 
Calcium ferrocyanide, production from coke-oven 
gas, 1101-3, 1105 

Calorific value of coal, see Coal, calorific value of 
Cambria coke oven, 794 
Cannel coal, 30, 35, 89-90, 119 
chlorination, 337, 344-5 
hydrogenation, 389, 391, 394, 1759 
index of refraction of, 330 
origin of, 4, 14, 21-2 
petrographic composition, 32, 36-7 
rate of oxidation, C38, 640-3 
resistance to crushing, 153 
scratch hardness, 145 
specific heat, 325 
thermal conductivity, 323 
Caproic acid from oxidation of coal, 361 
Carbazole, from carbonization of coal, 1369 
from hydrogenation of coal, 383, 1780 
in coal tar, 1326-7, 1354-7 
in high-temperature tar, 471-3 
in peat tar, 470 
purification of, 1355—6 
uses, 1350-7 

Carboceric acid from extraction of coal, 699 

Carbocite process, 859 ; see also Wisner process 

Carbohumin, 4 

Oarbolux process, 859 

Carbon, as anode in fuel cells, 1570-3 

as catalyst in the water-gas reaction, 1603 
as cathode in fuel cells, 1583-4 
deposition in coke ovens, 856 
hydrogenation, 1607 

mechanism of combustion, 1501-3, 1515-9, 

1589-94, 1603-6 

mechanism of gasification, 1587-610 
kinetic data, 1589-603 
thermodynamic data, 1587-9, 1606-7 
Carbon dioxide in coal gas, 927-31, 935, 1253, 


1358 

Carbon disulfide, absorption from gas by wash 


in light oil, 1142, 1147 , oil, 1004 
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.ttritus, translucent, 29-30, 33, 88 
hydrogenation of, 387-91, 1758 
mgitc, 23, 48$ 

available hydrogen, 42, 47, 55 
uV.G. producer, 872 

uzulene from carbonization of coal, 1361 

Bacteria, in coal formation, 9, 11 
in dry purification of gas, 966 
nitrogen in, 451 

oxidation of hydrocyanic acid by, 1123 
Balchaschite, 702 
Barite, 578, 581 

Barrett tar-recovery process, 1320-1 
Barvoys process, 578, 581 

Base-exchange materials, for ammonia recovery, 
1057 

for pyridine recovery, 1057 
from coal, 359 
in coal formation, 10 

Bases, see also Tar bases and individual "bases 
from acid extraction of coal, 455-8 
from carbonization of coal, see Tar bases ; Am- 
monia ; Pyridine ; etc. 
from hydrogenation of coal, 379, 479-80 
from petroleum, 461-6, 475 
from solvent extraction of coal, 458-9, 744-5, 
747 

from vacuum distillation of coal, 459-61, 467 
in ammoniacal liquor, 470 
in light oil, 1148 
in peat tar, 470 

in vacuum tar, 459-60, 763-4, 771 
Baum jig, 575-6 
Baur’s fuel cell, 1577 
Becker coke oven, 794, 796, 800-4 
Bellay producer, 1668-9 
Benesh steam-decomposition meter, 1707 
Benzaldehyde, extraction of coal by, 733, 738 
in ammoniacal liquor, 1386 
1,2-Benzanthracene from carbonization of coal, 
1370 

Benzene, see also Benzol 

effect of coal moisture on yield of, 857 
extraction of coal by, 690-2, 699, 701-6, 
710-7, 721-30, 733, 737, 739, 741-6, 755, 
757-9 

extraction of peat by, 678, 682-3, 689 
for dephenolization of ammoniacal liquor, 
1442-9 

from carbonization of coal, 1359 
from hydrogenation of coal, 1769, 1779-SO, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1143, 1146, 
1325-6 

effect of temperature on yield of, 1295 
physical properties, 1146 
recovery from gas, 926 
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Benzene, synthesis, 1798 
toxicity, 1418 
uses, 1138, 1328-9 

Benzeneearboxylic acids, from oxidation of coal, 
363-8, 372, 375, 714 
hydrogenolysis, 416 

Benzenepentacarboxylic acid from oxidation of 
coal, 360, 363, 365-6, 309, 372-4 
Benzerytlirene from carbonization of coal, 1370 
4,5-Benzindan from carbonization of coal, 1308 
Benzine, see Petroleum distillates 
Benzenoid acids, see also individual acids 
from oxidation of coal, 367-8 
nitrogen in, 478 

Benzocarbazole in high-temperature tar, 473 
2,3-Benzoearbazole, from carbonization of coal, 
1370 

in higli-temperature tar, 472 

1.2- and 2,3-Benzofluorene from carbonization of 
coal, 1370 

Benzoic acid, extraction of coal by, 738 
from carbonization of coal, 1366 
from oxidation of coal, 365-7 
in coal tar, 1327 

Benzol, see also Benzene ; Light oil 
commercial grades, 1150-2 
composition, 1141 

preparation of thiophene-free, 1144, 1228-3.1 
production statistics, 1138-9 
purification by crystallization, 1212, 1225 
removal of paraffins from, 1212 
solid adsorbents for refining, 1221 
uses, 1150, 1152 

1.2- Benzonaphthacene from carbonization of coal, 
1370 

Benzonjtrile, in high-temperature tar, 471, 473, 
1363 

in light oil, 1148 
physical properties, 1148 
1,12-Benzoperylcne from hydrogenation of coal, 
383, 17S0 

Benzophenone, extraction of coal by, 757 

1.2- and 4,5-Benzopyrene from carbonization of 
coal, 1370 

Benzoquinone from oxidation of coal, 360 
1,9-Benzoxanthene from carbonization of coal, 
1370 

Benzylquinoline in peat tar, 470 
Berengelite, 742 

Bergius process, see Hydrogenation of coal 
Bethlehem tester, 264, 266 
Betulinol from extraction of coal, 695 
Biological purification of ammoniacal liquor 
1372-3, 1419-20, 1425-37 
Biotite, 23, 488 

Biphenyl, extraction of coal by, 732, 738 
from carbonization of coal, 1306 
from extraction of coal, 713 
Bitumens, see also Coal resins 
formation of, 11-2, 715-6 
from extraction of coal, 678, 690-4, 715 

Volume II, pages 921-1868. 



SUBJECT INDEX 


Bitumens, from extraction of peat, 679-89 
hydrogenation of, 391-4 
vacuum distillation of, 704 
Bituminol from extraction of coal, 699 
Bituminous coal for bine-gas manufacture, 1712- 
4 

Blast-furnace coke, see Coke ; Blast-furnace 
operation 

Blast-furnace operation, S64-71 
effect of ash in coke on, 5S7 
effect of sulfur in coke on, 448-9 
evaluation of coke for, 805-71, 8S8, 890, 894, 
915 

Blending of coals, effect on coke strength, 908-9 
effect on plastic properties, 1G9, 196, 210-1, 
210-9, 257, 2S1, 288-92 
effect on yields of carbonization products, 843 
with inerts, 909-12 
Blue band in Illinois No. 6 Seam, 485 
Blue gas, 1673; sec also Water gas; Water-gas 
production 

Blue salt, 1048, 1050 
Boghead coal, 30, 35, 69, 89-90, 119 
hydrogenation of, 380 
origin of, 4, 21—2, 37 
solvent extraction of, 078, 702-4 
Boiler tubes, slagging of, 501-5, 571, 1495, 1502 
Bo m biocite, 093 

Borax as llux for coal-ash slag, 532, 554 
Boric acid, effect on plastic properties of coal, 
219, 254, 258-9 

Boudoua rd reaction, 1587, .1597-003 
Brandt producer, 16*67 

Briquetting of coal, effect of moisture in, 023-6 
Bromination of coal, 338-44 
Bromoben/.one, extraction of coal by, 738 
Bromoform, extraction of coal by, 738 
Brunck process, 1034. 1075 
B.S.I. swelling index, 186—7 

Bubiag-Didior producer, 1035, 1045, 1047, 1839 ; 

see also Duller producer 
Bueb process, 1097, 1103-0 

Bulk density of coal, 315, 019-22, 778, 852-5, 
907 

Bunsen burner, 1265-71 

Burkheiser process, 442, 970, 993, 997, 1003-5, 
1113 

Butadiene in coal gas, 931, 941 
1,3-Butadiene, from carbonization of coal, 1358 
in coal gas, 929 
in light oil, 1142, 1147 
physical properties, 1147 
Butane, In coal gas, 929, 931, 938, 1253 
synthesis, 1798 

n-Butane, from carbonization of coal, 1358 
in coal gas, 929, 931, 938 
v Butanol, extraction of coal by, 737 
extraction of pent by, 082 
w-Butene, see Butylene 
Butene-1, from carbonization of coal, 1358 
in light oil, 1142, 1147 


ix\i 

Butene-1, physical properties, 1147 
Butene-2 from carbonization <>f coal. 1354 
»-Butylacetate, extraction of pent by, »'.S2 
Butylacetyleno from carbonization of «-oni, 13 »9 
Butylene, in coal gas. 929, 931, 959 1235 

synthesis, 1798 

Butyne-2, in light oil, .1142, 1147 
physical properties, 1.147 
Butyric acid, from oxidation of coal, 56 <» 
syn thesis, .1838 

n-Butyric acid, from carbonization of coal, 156 :, ■ 
in ammoniacal liquor, 1584, 15S6 

Calcite, 23, 485, 487-9, 19 1 5, 572 5 
Calcium carbonate, see Calcite ; Lime 
Calcium chloride, addition to coni for oarhous/a 
tion, 1024 

for coal cleaning, 580-1 
for dustproofing coal, 598 
for gas conditioning, 1251 
Calcium forrocyanide, production from coke oven 
gas, 1101-3, 1105 

Calorific value of coal, see Coal, calorific value of 
Cambria coke oven, 794 
Caimel coal, 30, 35, 89-90, 119 
chlorination, 337, 344 -5 
hydrogenation, 389, 391, 394, 1759 
index of refraction of, 330 
origin of, 4, 14, 21-2 
petrographic composition, 32, 36 -7 
rate of oxidation, 638, 040-3 
resistance to crushing, 153 
scratch hardness, 145 
specific heat, 325 
thermal conductivity, 323 
Caproic acid from oxidation of coal, 361 
Carbazole, from carbonization of coal, 1369 
from hydrogenation of coal, 383, 1780 
in coal tar, 1326-7, 1354-7 
in high-temperature tar, 471-3 
in peat tar, 470 
purification of, 1355-6 
uses, 1356-7 

Carboceric acid from extraction of coal, 699 

Carbocite process, 859 ; see also Winner process 

Carbohuinin, 4 

Carbolux process, 859 

Carbon, as anode in fuel cells, 1570- 3 

as catalyst In the water-gas reaction, 1603 
as cathode in fuel cells, 1583-4 
deposition in coke ovens, 856 
hydrogenation, 1607 

mechanism of combustion, 1501-3, 1515 9, 
1589-94, 16 03-6 

mechanism of gasification, 1587-610 
kinetic data, 1589-603 
thermodynamic data, 1587-9, 1006-7 
Carbon dioxide in coal gas, 927-31, 935, 1253, 
1358 

Carbon disulfide, absorption from gas by wash 
oil, 1004 


Volume I, pages 1-920; Volume II, pages 921-1868. 



SUBJECT INDEX 


Jarbon disulfide, analysis of gas for, 954 
catalytic removal from hydrogen, 1816-7 
extraction of coal by, 721, 738, 755 
from carbonization of coal, 1359 
in coal gas, 932, 944-50 
in light oil, 445, 1139, 1141-2, 1149, 1162 
in producer gas, 1648 
physical properties, 1002, 1142, 1149 
Carbon monoxide, hydrogenation of, see Hydro- 
carbon synthesis 

in coal gas, 927, 929-31, 934-5, 1253, 1357 
removal from coal gas, 1247-8 
Carbon nitrides, 481-2 

Carbon oxysulfide, analysis of gas for, 954 
in coal gas, 932, 945-7, 949-50 
in light oil, 1142, 1149 
physical properties, 1002, 1142, 1149 
Carbon ratio, 50 

Carbon tetrachloride, extraction of coal by, 721, 
738 

extraction of peat by, 682 
Carbonization of coal, see also Coke ; Coke ovens ; 
Tar ; etc. 

behavior of coal nitrogen in, 467-77, 1008, 
1010-22 

behavior of coal sulfur in, 444-8 
composition of gas from, 927-46 
distribution of products resulting from, 1315 
effect of adding inorganic compounds on, 1024, 
1075 

effect of applied pressure on, 278-80, 909 
effect of moisture on, 623, 822, 848, 850-7 
effect of oxidation on, 662-8, 813-4, 854, 859- 
62 

electrical, 320, 774, 811-2 
exothermic heat of, 822-5, 848-50 
factors affecting yields in, 834-8, 857, 1294- 
308 

formation of gas in, 921-3 
formation of sulfur compounds during, 950 
heat required for, 818-25, 849-50 
industrial, 774-833 

low-temperature, 774-5, 812-4, 1302-4 
mechanism of formation of light oil during, 
1154-6 

mid- temperature, 775 
ovens for, 774-818 
preheating and, 668, 839-40, 848-59 
preoxidation and, 668, 813-6, 859-62 
sulfur balance in, 948-9 
United States capacity for, 794 
Carbonyl sulfide, see Carbon oxysulfide 
Carius method, 431 
Caro’s acid, action on coal of, 360 
Carotin from extraction of peat, 685 
C.A.S. process, 442, 994-5, 1069-70 
Catalysts, for absorption of ethylene by sulfuric 
acid, 1243 

for ammonia decomposition,, 1011-2, 1079 
for ammonia-hydrocyanic acid reaction, 1014-5, 
1031, 1122 


./Catalysts, for combustion of carbon, 1603-6 
for combustion of coal, 568-71, 1520 
for combustion of coke, 914, 917—9, 1605—6, 
1634 

for conversion of organic sulfur in gas to 
hydrogen sulfide, 1005—7, 1815—7 
for conversion of organic sulfur in gas to 
sulfur dioxide, 1006-7, 1816 
for conversion of tar bases to pyridine, 1135 
for dehydration of alcohols, 1846 
for dehydrogenation of alcohols, 1846 
for dry purification of gas, 965, 969 
for Fiscker-Tropsch process, 1797-801, 1818- 
24 

for hydrogenation of coal, 1751-3, 175t>, 1761- 
75 

for hydrogenation of tar, 1767-72, 1785, 178S- 
90 

for hydrolysis of ethylsulfuric acid, 1245 
for liquid purification of gas, 972-3, 995, 998, 
1063, 1065-7, 1070-1 

for methanol synthesis, 1S46-7, 1851, 1856-08 
for oxidation of carbon monoxide, 1248 
for oxidation of methane, 1812-4, 1852 
for oxidation of organic sulfur in gas, 1006-7, 
1816 

for oxidation of paraffin, 1839 
for steam-carbon reaction, 1702-3 
for synthesis of hydrocarbons, 1797-801, 1818- 
24 

for water-gas reaction, 1603, 1606, 1814-5 
Catechol, extraction of coal by, 738 
from alkali-fusion of coal, 419-20 
from carbonization of coal, 1360 
from extraction of coal, 713 
in ammoniacal liquor, 1382-6 
precipitation by lead salts, 1400-1 
Cateehuic acid from alkali-fusion of coal, 420 
Cellulose, aromatization, 367 
benzene extraction, 683 
hydrogenation, 397 
in coal formation, 10-2 
in peat, 685 
oxidation, 366 
Cenospheres, 1550-1 

Ceryl alcohol from extraction of coal, 698 
Cetyl alcohol, extraction of coal by, 737 
CGB producer, 1667 
Chance cone, 579 ( 

Chance process, 578, 581 
Chapman producer, 1057, 1665 
Chart) on roux, 41 

Chloranil from oxidation of coal, 360 
Chlorates, action on coal, 359-60 
Chlorides in coal, 1076, 1381 
damage to refractories by, 588 
removal by coal cleaning, 572, 586 
Chlorination of coal, by antimony pen ta chloride, 
345 

by aqueous chlorine, 337 
by gaseous chlorine, 344-5 
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Chlorine dioxide, action on coal, 360 
Chlorite, 23, 488, 505 

Chlorobenzene, extraction of coal by, 721, 738 
Chloroform, extraction of coal by, 704, 721, 727, 
754, 758 

extraction of peat by, 682 
fractionation of pyridine extracts with, 748-9, 
754 

p-Chlorophenol, extraction of coal by, 738 
Chlorophyll, in coal, 453-4 
in peat, 685 

p-Chlorotoluene, extraction of coal by, 737 
Chromates, action on coal, 359 
Chromatographic adsorption, of coal extracts, 
714-5 

of tars, 1334, 1341-2 

Chrysene, from carbonization of coal, 1370 
from extraction of coal, 742 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-1 
purification, 1341-2 
uses, 1342 

Clarain, 6, 10, 14, 22-3, 29, 88, 93-4, 97, 102, 
116 

ash composition, 490, 493 
electrical conductivity, 320 
friability, 150-1 
halogen absorption by, 342 
hydrogenation, 387 
mineral matter in, 489 
rate of oxidation of, 350, 652-3 
solvent extraction of, 727, 754-5 
Clarinite, 97 
Clarit, see Clarain 
Classification of coal, 25-85 

American standard specifications for, 56-62 

Ashley’s system, 52 

A.S.T.M. specifications for, 56—62 

by adsorptive properties, 70-1, 753 

by alkali extraction, 69-70 

by banded structure, 27-32 

by Bituminous Coal Acts, 81-2 

by carbon-to-hydrogen ratio, 46-8, 52-3, 70 

by earbon-to-oxygen ratio, 46-9 

by carbon ratio, 50 

by color, 73 

by District Selling Agencies, 82 

by fuel ratio, 50-1 

by gas yield for anthracite, 53 

by geologic age, 2G 

by grade, 74-5 

by hydrogenation, 73 

by hydrogen-to-oxygen ratio, 41, 46-8 

by National Recovery Administration, 80-1 

by proximate analysis, 50-4 

and calorific value, 54-62, 143-4 
by rank, 38-41, 56-62 
by reflectivity, 73-4 
by size, 82-3 

by smoke-producing tendencies, 76 
by softening characteristics, 236 


Ixxiii 

Classification of coal, by solvent extraction, 68, 
748 

by subtypes, 34, 89 
by Tidewater Coal Exchanges, 80 
by type, 25, 35, 45, 52, 88-9, 100 
by ultimate analysis, 41-51 
by use, 75-9 
by wet oxidation, 71—2 
Campbell’s system, 51-2 
commercial, 79-84 
for coke production, 77-9 
for gas manufacture, 77 
for steam generation, 76 
graphic correlation of systems of, 53-4 
Gruner and Bousquet’s system, 41-2 
in Canada, 84 
in other countries, 84-5 
isocalorific values in, 46 
isovolatile values in, 46 
Regnault’s system, 41 
Seyler’s system, 42—5 
Claus process, 441 
Cleaning of coal, 572-99 

acid extraction processes for, 455-8, 592-3 

classification of processes for, 574 

difficulties in, 574 

effects on utilization, 586-8 

extent of, in United States, 572 

for reduction of sulfur, 448-9 

fro th -flotation processes for, 582-3, 5SS-91 

heavy-medium processes for, 578-82 

impurities removal by, 572-4 

jigs for, 575-6 

launders for, 575-7 

mechanisms involved in, 583-6, 623 

performance of processes for, 5S3-6 

pneumatic processes for, 582 

Rheolaveur process for, 575-7 

upward-current classifier for, 576 

wet tables for, 5S2 

Clinker, ash fusibility as an index of trouble 
from, 496, 524-7, 541 
effect of coking properties of coal on, 56S 
effect of inorganic additions to coal on, 565, 
568 

effect of pyrite on, 566—8 
effect of sulfur on, 565-8 

formation in blue-gas generators, 1687-8, 1713 
formation in domestic stokers, 1493 
formation in gas producers, 1636, 1657 
formation on grates, 548-54, 1497 
viscosity of slags and formation of, 529 
Coal, abrasiveness, 146 

acid extraction, 455-8, 592-3 
action of solvents on, see Solvent extraction of 
coal 

adsorptive properties, see also Oxidation of 
coal 

for pyridine, 175 
use in classification, 70-1 
agglomerating properties, 183-4, 187-8 
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>al, agglomerating properties, definition of, 161, 
183 

use in classification, 60, 183-4 
agglutinating properties, 176-81, 257 
definition, 161, 183 
effect of oxidation on, 668-9, 860 
methods of test for, 176-80 
significance, 180-1, 207 
use in classification, 78 
algae in, 117, 119 
alkali extraction of, 69 
artificial, 12 

attrital, see Attritus ; Boghead coal ; Cannel 
coal 

banded, 5, 7-9, 35-6, 89-90 
bark in, 117 
block, 31 

boghead, see Boghead coal 
bright, 5-8, 29, 33-4, 89-90, 101 
bromination, 338-44 

bulk density, 315, 619-22, 778, 852-5, 907 
calorific value, 132-44 
accuracy of, 56 

as basis for coal classification, 143-4 

calculation from analysis, 138-43 

change during storage in, 630-1, 633, 635 

constancy of, 141-2 

effect of oxidation on, 669-70 

gross, 132 

methods for determination, 134-8 
net, 132 

cannel, see Cannel coal 
carbonization, see Carbonization of coal 
chemical constitution, as determined by halo- 
genation reactions, 337-4:5, 480-1 
as determined by hydrolytic reactions, 418- 
25, 481 

as determined by oxidation reactions, 346- 
76, 478-9 

as determined by reduction reactions, 377- 
417, 479-80 

chlorination, 337, 344-5 
classification, see Classification of coal 
cleaning, see Cleaning of coal 
combustion, see Combustion of coal 
commercial varieties, 35-6 
components, see Coal types 
compressive strength, 146-8 
conductivity, electrical, 315-20 
thermal, 320-3, 853-4 
crushing, energy required for, 152-3 
crushing strength, 146-8 
cuticles in, 110-1, 116 
decomposition temperature, 765—6 
definition, 2, 25 * 
density, 310-5 
dielectric constant, 602 
dull, 5-6, 29, 101 
dustproofing, 598-9, 623 
electrical conductivity, 315—20 
electrical resistivity, 74, 315-20 


Coal, expansion, see Expansion and expansion 
pressure of coal 

extraction, sec Acid extraction of coal ; Sol- 
vent extraction of coal 
formation, see Formation of coal 
friability, 61, 73, 83, 148-51, 672 
A.S.T.M. drop-shatter test, 148 -9 
A.S.T.M. tumbler test, 148 
dependence on petrographic composition, 151 
dependence on rank, 149-50 
fungi in, 117, 119, 121-2 
geologic age, 26 
grindability, 73, 83, 151-9 
dependence on coal size, 157 
dependence on petrographic composition, 
156-7 

dependence on rank, 155 
effect of impurities on, 155 
effect on pulverizer capacity, 157-9 
influence of moisture on, 620 
methods of estimation of, 151-5 
H value, 64 

halogenation, 337-45, 480-1 
hardness, 145-6 
heat capacity, 323-6, 608 
holidays in, 495 
horsebacks in, 495 
humic, 7, 11, 69, 80-90 
hydrogenation, see Hydrogenation of coal 
hydrolysis, 418-25, 4S1 
hygroscopicity, see Moisture in coal 
ignition, see Ignition of coal ; Spontaneous 
combustion of coal 
index of reflection, 326-7 
index of refraction, 327-31 
iodine number, 340 
leaf, 90 
lignitous, 44 
luster, 74, 327 
macroclastic, 102 

megascopic constituents, see Coal types 
meta-bituminous, 44 
microclastic, 102 

microscopic investigation, 4, 102-6 
modulus of elasticity, 14,7 
moisture in, see Moisture in coal 
nitrogen in, see Nitrogen in coal 
nonbanded, 90 

normal banded, 5, 7-9, 35-6, 89-90 
opaque matter in, 119, 121-2, 125 
origin, sec Formation of coal 
ortho-bituminous, 44 
oxidation, see Oxidation of coal 
paper, 90 

para-bituminous, 44 
perbituminous, 44 
perlignitous, 44 

permanganate reactivity index, 2, 3 
permeability to gases, 656 
per-meta-bituminous, 44 
per-ortho-bitiiminous, 44 
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Cun l, pur-para -bituminous, 44 

petrographic composition of United States’, 
31-2 

plant: structures in, 4, 0 -11, lti, 20-7, 29-30, 
115-28 

plastic properties, 1 r>3 800 

absolute metbods of test, 105-70 
classitication of methods of test, 104-5 
comparison of methods of test, 301-4 
definitions, 101—2, 220 

dependence on petrographic composition, 
170-1, 173-4, 181.-2, 213-4, 21(5, 218, 

223- 4, 257, 201, 203, 302, 304 
dependence on rank, 1.70, 1S1-2, 200, 210, 

214, 210-7, 222, 224, 234, 230, 302, 304 
development of, by notion of alkali, 423 
dilatometor method of test, 1S9-99 
direct observation method of test, 370-0 
effect of additions of boric acid on, 219, 254, 
258-0 

effect; of adsorption of pyridine vapor on, 
2.19, 258 

effect of ash on, 104 5 

effect of blending on, 100, ISMS, 210 1, 210-9, 
257, 281, 288-02 
effect of extraction on, 220 
effect of grain size on, 21.5—0, 219-20, 200 
effect of oxidation on, 173, 180, 190, 105, 
200, 200-S, 211-2, 210, 210, 222-7, 

202-4, 009, 854 

effect of preheating on, 107, 200-8, 211—2, 
210, 210, 223, 810, 85(5-7 
effect of rate of heating on, 100-71, 181, 
107, 200-S, 211-2, 214-5, 219-20, 222, 

224- 5, 230-3, 201-2, 200, S35 
expansion pressure method of test, 240-S0 
extrusion method of test, 234-40 
fluidity of plastic layer, 240, 287, 295 
Fox well method of test, 203-20 

gas evolution from plastic layer, 287, 293 
gas flow method of test, 203-20 
importance of, in carbonization, 835, 838 
in coal selection, 301, 303-4 
in combustion, 208-301, 304 
in fl nonce of sulfur on, 427 
penetrometer method of test, 109-203 
permeability of plastic layer to gas, 287, 
200, 207, 854, 1155 

plastomctrie (U.S.S.R.) method of test, 248, 
280-08 

relation to coke strength, 104, 185, 188, 196, 
199, 201, 200, 222, 233-5, 259, 285-C, 
288 

thickness of plastic layer, 280-5, 288-98, 
838, 854 -5 

torsional metliods of test, 220-35 
transient nature of, 109, 241 
porosity of, 333, 508, 009-15, 648 
proximate analysis, accuracy, 54- 
effect of oxidation on, 0(59-70 
use In classification, 50 


Coal, pseu (loan thraci tic, 44 
pseu docar bo mieeo u s , 44 
pyrite in, sec Sulfur in coal 
rational analysis, 71 
reactivity, 752, 902-4 
reflectivity, 73-4, 32(5-7 
refractivity, 327-30 
resinous, 90 

resistance to abrasion, 140 
rheological properties, 102 ; see also Coal, 
plastic properties 
rock types, 95, 98 
sampling, 87S-9, 1500 
sandstone channels in, 495 
sclerotia in, 119, 121-2 
scratch hardness, 145 
selection for coke production, 77S 
semibituminous, 44 
semisplint, 30-1, 33-4, 30, 80-00 
shape factor, 882 
size distribution of broken, 880 
slacking properties, 60-1, 610-7, 672-3 
solvent extraction, sec Solvent extraction of 
coal 

sorption of moisture by, 609-15 
specific gravity, 310-5 
specific heat, 323-0, 008 
splint, 29-31, 33-0, 8S-90, 119, 333 
spontaneous combustion, see Spontaneous com- 
bustion of coal 
spore, 90 

spores in, 4, 9-11, 16, 29-30, 34, 91, 109-13, 
116-7, 120, 125 

hydrogenation of, 387-91, 1758 
storage, see Storage of coal 
strength, 146-8 
subbituminous, 44 
sublignitous, 44 
sulfonation, 359 
sulfur in, see Sulfur in coal 
surface properties, 622 

swelling properties, 181-3, 1S5-8, 281-98; see 
also Expansion and expansion pressures 
of coal ; Coal, plastic properties 
box tests, 187-8 
B.S.I. index, 186-7 
definition, 161 
dependence on rank, 185-7 
effect of oxidation on, 669 
influence on combustion, 298 
relation to coke strength, 196, 100 
thermal capacity, 323-6, 60S 
thermal conductivity, 320-3, 853-4 
thermal expansion, 323 
ultimate analysis, accuracy, 49-50 
effect of oxidation on, 669-70 
use in classification, 41-50 
unsaturation (chemical) of, 341, 343-4 
variability in composition, 33-5, 450-1, 457 
washability, see Cleaning of coal 
water in, see Moisture in coal 
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Coal, waxes in, 9-11, 1G, 29-30, 117, 119, 691-4 
weathering properties, see also Storage of coal 
use in classification, 60-1, 72 
X-ray studies, 18, 74, 107, 331-6 
absorption, 331-3 
diffraction, 333-6, 749, 905-6 
Coal ash, see also Mineral matter in coal ; Fly 
ash 

clinker trouble due to fusibility, 524-7 
composition, 23-4, 486-93, 1636 
correction to mineral matter, 62-5, 142-3, 312, 
487 

correlation of slag viscosity with fusibility, 
535-6 

dependence of fusibility on composition, 505- 
24, 1636-7 

difficulties of furnace operation due to fusibil- 
ity, 548-72, 1494 

effect of coal cleaning on fusibility, 587 
effect of furnace atmosphere on fusibility, 498- 

500 

effect of sample preparation on fusibility, 499- 

501 

effect on efficiency in combustion, 5S7 
extraction by acids, 455-8, 592-3 
fluid temperature, 498, 536 
fusibility, 496-527 
grate-bar erosion by, 554 

initial deformation temperature, 498, 502, 536 
methods of calculation of fusibility, 515-24 
methods of measurement of fusibility, 497-505 
origin, 22-3 

rare elements in, 24, 490-3 

reduction by coal cleaning, see Cleaning of 
coal 

relation of phase equilibria to fusibility, SOS- 
24, 1637 

segregation in furnaces, 526, 531, 562-4, 1497, 
1561-2 

slagging of boiler tubes by, 561-5, 571, 1495, 
1562 

slagging of refractories by, 554-61, 1495, 1562 
softening temperature, 496-527 
solubility, 489-90 
sulfur in, 436 

Coal-ash slags, adhesion to grates, 555, 1495 
correlation of viscosity with ash fusibility, 
535-6 

effect of ferric percentage on viscosity, 533-4 
effect of fluxes on viscosity, 531-3, 537 
flow below liquidus temperature, 540-7 
flow of fused billets of, 542-7 
surface tension, 527, 544-5, 555 
temperature coefficient of viscosity, 538-9 
uses, 1637 

viscosity, 500, 527-40 
Coal balls, 86, 429 
origin, 495 
sulfur in, 427 
Coal band, 46-7 
Coal-dust engine, 1540 
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Coal extracts, see also Solvent extraction of cool 
alkali treatment, 747 
chromatographic adsorption, 714-5 
hydrogenation, 390—4, 707, 732, 747-8 
liquid-liquid extraction, 715 
nature, 677, 690-5, 703-6, 712-3, 715-8, 741- 
52 

oxidation, 747 
uses, 707, 711 
vacuum distillation, 773 
X-ray diffraction by, 749 
Coal gas, see Gas from carbonizal ion of coni 
“Coal ingredients,” 93 
Coal oil, extraction of coal by, 735 
Coal paleobotany, 26, 115—28 
Coal petrography, 27-38, SO -131 
for coal description, 130-1 
microscopic techniques in, ‘107 15 
n o men cla t u re, S 0-1 0 2 
objectives, 115 

.practical application, 124-30 
preparation techniques in, 102- 7, 114 
Coal resins, 9-11, 16, 29- 30, 34, 91, 111 3, 117. 
119, 123-4, 128; sec also Hilumons ’ 
composition, 34 
extraction, 690-3, 742 
hydrogenation, 387-91, 1758 
saponification, 695 
Coal slurry, flocculation, 593-S 

behavior of bone and shale in, 596 
influence of coal rank on, 590 
reagents for, 594—8 

Coal-tar chemicals, 1325-70; see also individual 
compounds 

Coal-tar crudes, 1323-5 

Coal types, 5, 28; see also Clara in ; Duniin; An- 
tliraxylou ; Attritua; etc. 
alkaline permanganate oxidation of, 375 
ash in, 490 
briquetting, 130 
chemical properties, 32 -5 
coking, 127, 129 
combustion, 1.29 
commercial availability, 37 
differentiation by X-rays, 107 
electrical conductivity, 319 -20 
friability, 150 
grindability, 157 
halogen absorption by, 342 
hardness, 145 

hydrogenation, 387-91, 1757-9 
mineral matter distribution in, 489 
nitrogen content, 451 
rates of oxidation, 349, 052-3 
reaction to photographic plates, 107 
separation, 37-8, 124, 129, 150-1, 157 
solvent extraction, 721, 754-5 
terminology, 28-31, 86-102 
vacuum distillation, 773 
X-ray absorption, 334-5 
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Coals (seam, mine, or place of origin), Aachen, 

258, 474 

Alabama,* 84, 574, G10-2 
Alaska, 37 
Alberta, 55 
Alberta Bloch, 417 
Aleksandriiski, 393 
Alma,* 169, 174 
American, see United States 
Anthracite-Crested Bn tie,* 16 
Appalachian,* 138 
Arkansas-Oklah oma, * 3 5 
r Arley, 325 
Arsa, 426, 431, 44G 
Assam, 360 
Ataman, 734-5 
Australian, 72, 492, G23 
Austrian, 84 
Baesweiler, 823 
Bahnscliacht, 225, 257-S 
Bakerstown,* 846 

Barnsley, 145, 153, 257, 637-S, G40-3, G47, 
G52, 727, 752 

Beamshaw, 382, 1764, 17GG, 1778 

Beckley,* 263, 269, 277, 303, S43-4 

Belgian, 515 

Bell No. 1,* 845 

Bengal, 748 

Beresford, 805 

Big-Vein,* see Coals, Pittsburgh 

Bismarck, 174 

Black Creek,* 31, 238, 303 

Bohemian, 474, 692-3, 705, 1008, 1127 

Boldyrewsky, 678 

Boltigen, 197, 212, 255 

Bonifatius, 216 

Brassert, 315, 327, 720 

British, 28, 4G, 78, 107, 119, 131, 134, 139, 
141, 150, 19S, 206, 211, 215, 252, 256-7, 

259, 325, 338, 340, 353, 375, 395, 437, 
451, 470, 474, 491-2, 752, 762, 765, 773, 
907, 1008, 1030, 1075, 1699, 1757 

British Columbian, 34 
Brockwell, 257, 305, 748 
Brookville,* 31 ? 

Bruceton,* see Coals, Pittsburgh 
Burmese, 712-3 
Busty, 116-7, 257, 305, 713-4 
Campine, 127 

Canadian, 25, 53, 5G, 59-60, 73, 79, 83-4, 144, 
150, 382, 395-6, 436, 712-3, 717, 1780 
Cardiff, 712, 716-7 
Carswell,* 210 
Cassel, 706 

Chachareiskys, 678, 703 

Chilton,* 33-4, 1710, 1713 

Chinese, 85, 54-5, 62, 198, 215, 382, 748 

Coalburg,* 31 

Cokery, 225 

Colchester,* see Coals, Illinois No. 2 

* United States. 
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Colonial,* 208-9 

Colorado,* 40, 319, 329, 850, 1760, 1784 

Commentry, 5, 629 

Consolidation,* 474 

Cooperative, 716 

Corona, 691-2 

Cumberland, 884 

Czechoslovakian, 147, 706 

Dalton Main, 714, 1382, 1788 

Deepwater Black Creek,* 308 

Denmark, 401, 405, 410-1 

Derbyshire, 170, 199, 259 

Dickebank, 257 

Dominion, 236 

Donets, 84, 293, 297, 330 

Dorothy,* 31, 263, S44 

Duclweiler, 202 

Durham, 199, 204, 210, 247, 259, 261, 305-6, 
30S, 338, 749, 763, 800, SS4, 907, 916-7, 
1019, 1156 
Eagle,* 203, 844 
East Indian, 758 
Edenborn,* see Coals, Pittsburgh 
Elkliorn,* 573, 1710 
English, see Coals, British 
Escluveiler, 216, 218 
Estevan, 47S, 712-4 
Fairmont,* 340, 1710 
Filbert,* 208-9 
Finefrau, 245 
Finnish, 689 
Fire Creek,* 263 
Fognano, 695 
Fortuna, 691-2 
Freeport,* 126, 208-9 
French,. 84, 119, 190, 513 
Fulton,* 236, 303 
Fiirst Leopold, 218 
Fiirstenberg, 691-2 
Georges Creek,* 530-1 

German, 175, 200, 202-3, 209-10, 214, 235, 
25G, 258, 306, 308, 493, 592, 698, 702, 
758-9, 1008, 1558, 1099 
Gerstewitz, 697 
Girondelle, 245 
Gleiwitz, 216-8 
Gottfried Wilhelm, 327 
Great Mountain, 145, 153 
Green River,* 913 
Gretchen, 245 
Griffen, 716-7 
Groselose,* 180 
Gualdo Catanes, 711 
Hamborn-Neumuhl, 725 
Hamstead, 23, 754 
Hannover, 327 
Hannover Hannibal, 216 
Hans, 225 
Harlech, 712 
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Coal, waxes in, 9-11, 16, 29-30, 117, 119, 091-4 
weathering properties, see also Storage of coal 
use in classification, 60-1, 72 
X-ray studies, 18, 74, 107, 331-6 
absorption, 331-3 
diffraction, 333-6, 749, 905-6 
Coal ash, see also Mineral matter in coal; Fly 
ash 

clinker trouble due to fusibility, 524-7 
composition, 23-4, 486-93, 1636 
correction to mineral matter, 62-5, 142-3, 312, 
487 

correlation of slag viscosity with fusibility, 
535-6 

dependence of fusibility on composition, 505- 
24, 1636-7 

difficulties of furnace operation due to fusibil- 
ity, 548-72, 1494 

effect of coal cleaning on fusibility, 587 
effect of furnace atmosphere on fusibility, 498— 
500 

effect of sample preparation on fusibility, 499- 
501 

effect on efficiency in combustion, 587 
extraction by acids, 455-8, 592-3 
fluid temperature, 498, 536 
fusibility, 496-527 
grate-bar erosion by, 554 

initial deformation temperature, 498, 502, 536 
methods of calculation of fusibility, 515-24 
methods of measurement of fusibility, 497-505 
origin, 22-3 

rare elements in, 24, 490-3 
reduction by coal cleaning, see Cleaning of 
coal 

relation of phase equilibria to fusibility, SOS- 
24, 1637 

segregation in furnaces, 526, 531, 562-4, 1497, 
1561-2 

slagging of boiler tubes by, 561-5, 571, 1495, 
1562 

slagging of refractories by, 554—61, 1495, 1562 
softening temperature, 496-527 
solubility, 489-90 
sulfur in, 436 

Coal-ash slags, adhesion to grates, 555, 1495 
correlation of viscosity with ash fusibility, 
535-6 

effect of ferric percentage on viscosity, 533-4 
effect of fluxes on viscosity, 531-3, 537 
flow below liquidus temperature, 540-7 
flow of fused billets of, 542-7 
surface tension, 527, 544-5, 555 
temperature coefficient of viscosity, 538-9 
uses, 1637 

viscosity, 500, 527-40 
Coal balls, 86, 429 
origin, 495 
sulfur in, 427 
Coal band, 46-7 
Coal-dust engine, 1540 


Coal extracts, see also Solvent extraction of eon] 
alkali treatment, 747 

chromatographic adsorption, 714 5 

hydrogenation, 390-4, 707, 732, 747-8 
liquid-liquid extraction, 715 
nature, 677, 690-5, 703-6, 712-3, 715-8, 741- 
52 

oxidation, 747 
uses, 707, 711 
vacuum distillation, 773 
X-ray diffraction by, 749 
Coal gas, see Gas from carbon issa I ion of eoal 
“Coal ingredients,” 93 
Coal oil, extraction of coal by, 735 
Coal paleobotany, 26, 115-28 
Coal petrography, 27-3S, SO 131 
for coal description, 130 -1 
microscopic techniques in, '107 15 
nomenclature, 86—102 
objectives, 115 

^practical application, 124 30 
preparation techniques in, 102 -7, 114 
Coal resins, 9-11, 10, 29-30, 34, 91, 111 3, 117 . 
119, 123—4, 128 ; sec also Uitumens 
composition, 34 
extraction, 690-3, 742 
hydrogenation, 387-91, 1758 
saponification, 695 
Coal slurry, flocculation, 593-8 

behavior of bone and shale in, 590 
influence of coal rank on, 596 
reagents for, 594-8 

Coal-tar chemicals, 1325-70 ; see also individual 
compounds 

Coal-tar crudes, 1323- 5 

Coal types, 5, 28; see also Clara in ; Dura in ; An- 
tliraxylon ; Attritus; vie. 
alkaline permanganate oxidation of, 375 
ash in, 490 
briquetting, 130 
chemical properties, 32 5 
coking, 127, 129 
combustion, 129 
commercial availability, 37 
differentiation by X-rays, 107 
electrical conductivity, 319-20 
friability, 150 
grin dability, 157 
halogen absorption by, 342 
hardness, 145 

hydrogenation, 387-91, 1757-9 
mineral matter distribution in, 489 
nitrogen content, 451 
rates of oxidation, 349, 652-3 
reaction to photographic plates, 107 
separation, 37-8, 124, 129, 150-1, 157 
solvent extraction, 721, 754-5 
terminology, 28-31, 86-102 
vacuum distillation, 773 
X-ray absorption, 334-5 
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Coals (seam, mine, or place of origin), Aachen, 

258, 474 

Alabama,* 34, 574, 01 0-2 
Alaska, 37 
Alberta, 55 
Alberta Bloch, 417 
Aleksandriiski, 393 
Alma,* 169, 174 
American, see United States 
Anthracite-Crested Butte,* 16 
Appalachian,* 138 
Arkansas-Oklahoma,* 3 5 
Arley, 325 
Arsa, 426, 431, 446 
Assam, 360 
Ataman, 734-5 
Australian, 72, 492, 623 
Austrian, 84 
Baesweiler, 823 
Bahnscliacht, 225, 257-S 
Bakers town,* 840 

Barnsley, 145, 153, 257, 037-S, 640-3, 647, 
052, 727, 752 

Beamshaw, 382, 1764, 1766, 1778 

Beckley,* 263, 269, 277, 303, 843-4 

Belgian, 515 

Bell No. 1,* 845 

Bengal, 748 

Beresford, 305 

Big-Vein,* see Coals, Pittsburgh 

Bismarck, 174 

Black Creek,* 31, 238, 303 

Bohemian, 474, 692-3, 705, 1008, 1127 

Boldyrewsky, 678 

Boltigen, 197, 212, 255 

Bonifatius, 216 

Brassert, 315, 327, 720 

British, 28, 46, 78, 107, 119, 131, 134, 139, 
141, 150, 198, 206, 211, 215, 252, 256-7, 

259, 325, 338, 340, 353, 375, 395, 437, 
451, 470, 474, 491-2, 752, 762, 765, 773, 
907, 1008, 1030, 1075, 1699, 1757 

British Columbian, 34 
Brockwell, 257, 305, 748 
Brook ville,* 31 7 

Bruceton,* see Coals, Pittsburgh 
Burmese, 712-3 
Busty, 116-7, 257, 305, 713-4 
Campine, 127 

Canadian, 25, 53, 56, 59-60, 73, 79, 83-4, 144, 
150, 382, 395-6, 436, 712-3, 717, 1780 
Cardiff, 712, 716-7 
Carswell,* 210 
Cassel, 706 

Chacliareiskys, 078, 703 

Chilton,* 33-4, 1710, 1713 

Chinese, 85, 54-5, 62, 198, 215, 382, 748 

Coalburg,* 31 

Cokery, 225 

Colchester,* see Coals, Illinois No. 2 
* United States. 
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Colonial,* 20S-9 

Colorado,* 40, 319, 329, 850 , . 1760 , 1784 

Commentry, 5, 629 

Consolidation,* 474 

Cooperative, 710 

Corona, 691—2 

Cumberland, S84 

Chechoslovakian, 147, 706 

Dalton Main, 714, 1382, 1788 

Deepwater Black Creek,* 303 

Denmark, 401, 405, 410-1 

Derbyshire, 170, 199, 259 

Dickobank, 257 

Dominion, 236 

Donets, 84, 293, 297, 330 

Dorothy,* 31, 263, S44 

Dudweiler, 202 

Durham, 199, 204, 210, 247, 259, 261, 305-0, 
30S, 338, 749, 763, 860, SS4, 907, 916-7, 
1019, 1156 
Eagle,* 263, 844 
East Indian, 75S 
Edenborn,* see Coals, Pittsburgh 
Elkliorii,* 573, 1710 
English, see Coals, British 
Escliweiler, 216, 218 
Estevan, 478, 712-4 
Fairmont,* 340, 1710 
Filbert,* 208-9 
Finefrau, 245 
Finnish, GS9 
Fire Creek,* 263 
Fognano, 695 
Fortuna, 691-2 
Freeport,* 120, 208-9 
French,. 84, 119, 190, 513 
Fulton,* 236, 303 
Fiirst Leopold, 21S 
Fiirstenberg, 691-2 
Georges Creek,* 530—1 

German, 175, 200, 202-3, 209-10, 214, 235, 
256, 258, 306, 308, 493, 592, 698, 702, 
758-9, 1008, 1558, 1699 
Gerstewitz, 697 
Girondelle, 245 
Gloiwitz, 216-8 
Gottfried Wilhelm, 327 
Great Mountain, 145, 153 
Green River,* 913 
Gretchen, 245 
Griff en, 716-7 
Groselose,* 180 
Gualdo Catanes, 711 
Hamborn-Neumuhl, 725 
Hamstead, 23, 754 
Hannover, 327 
Hannover Hannibal, 216 
Hans, 225 
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Coals (seam, mine, or place of origin), Harris- 
burg,* see Coals, Illinois No. 5 
Harvey, 305 
Ilashima, 198, 255 
Hetlvika, 707, 756 

Heinitz, 197, 212, 216, 218, 255, 339 
Heinrich, 225 
Hermann, 257 

Herrin,* see Coals, Illinois No. 6 
Hessian, 707-8 
High Hazel, 300-1 

High Splint,* 91-2, 304, 350, 370, 374, 384-6, 
650, 666, 858 
Hirschfelde, 691-2 
Hocking,* 1545 
Iiohenzollern, 216, 218 
Holmside, 340, 1601 
Hugo, 216 

Hungarian, 121, 437 
Hutton, 748 

Illinois,* 38, 61, 63, 65, 74, 83, 124, 130, 138, 
143, 145, 149-50, 153, 157, 205-8, 236, 
324, 329, 348, 369, 375, 426-7, 430, 438-9, 
445, 487, 505, 557, 574, 5S7, 590, 629, 
635, 655, 659, 741, 763, 807, 848, S50, 
916, 1541, 1045, 1710 
Illinois No. 1,* 319 
Illinois No. 2,* 117, 120, 130, 319 
Illinois No. 5,* 130, 319 

Illinois No. 6,* 31, 105, 107, 117, 120, 123, 
130, 318-9, 328-9, 350, 370, 374, 383-6, 
423, 485, 488-9, 494, 573, 598, 858, 900, 
913, 1760 

Imhoden,* 239, 303 
Indian, 218, 314 

Indiana,* 318-9, 325, 329, 438-9, 632 
Iowa,* 78, 329, 438-9, 634 
Irish, 679, 689, 697, 714 
Italian, 315, 513 

Japanese, 6S-9, 78, 198, 382, 502, 511, 724, 
748, 17S0 
Jaroslav, 756 
Kaitangata, 712 
Kanawha,* 1560 
Kansas,* 438-9 
Karolina, 707, 756 
Kassel, 691-2 
Kent, 306, 308 

Kentucky,* 32, 34, 37, 149, 206-7, 210, 438-9, 
505 

Kittanning,* 303, 305-6 
Konig Ludwig, 315 
Kuznetz, 293, 678, 704 
La Houve, 197, 212, 255 
Lanarkshire, 382, 1780 
Lancashire, 457, 764-5 
Langenbrahm, 315, 327, 720 
Lauckhammer, 494, 683 
Lens, 753 
Leopold, 216 


Coals (seam, mine, or place of origin), Limburg, 
131, 222 

Lohberg, 419, 724, 1386 
Loire, 458, 460 

Lower Banner,* 31, 304, 050, S45 

Lower Freeport:,* 236, 264, 266, 303, 650, 845 

Lower Hartshorne,* 319 

Lower Kittanning,* 31, 40, 219, 230, 238-9, 
264-6, 303, 844-5 

Lower Silesian, 188, 203, 214, 223-5, 230 1, 

249, 301-3, 379-82, 479, 1019, 1779 
Lower Sunny side,* 31 
Ludwig, 327, 724 
Mammoth,* 316 
Manchurian, 429, 724- 
Man jok, 748 
Maria Luisa, 3S2, 1780 
Marie, 225 
Marvine,* 327 
Maryland,* 149 

Mary Lee,* 383, 573, 1759-00, 1781 

Matogan, 704 

Matthias, 245 

Mausegatt, 245, 365 

Max, 756 

Maybaclc, 458 

McKay,* 3S3, 1760 

Michel, 262, 305 

Michigan,* 438-9 

Midlands, 633 

Mississippi,* 319, 329 

Missouri,* 438-9 

Mitchell Main, 382, 1382, 17S0 

Monarch,* 32, 1760, 1781 

Monmouthshire, 195 

Montana,* 149 

Montrambert, 45S, 460, 742, 762 3 

Morgensonne, 327 

Morwell, 712-4 

Mosliannon,* 303 

Moscow, 617 

Moscow paper, 117 

Nashville,* 328-9 

Neumiihl, 197, 212, 255 

New Ilucknall, 11501 

New River,* 316, 526 

New Zealand, 85, 712, 748 

Niederlausitzcr, 454 

No. 2 Gas,* 31, 239, 303 

No. 5 Block,* 147 

Nord, 103 

North Dakota,* 149, 590, 1760 
Northumberland, 210, 280, 907 
Nottinghamshire, 259 
Oberlausitzer, 693 

Ohio,* 32, 401, 405, 410-1, 438 -9, 505 

Oklahoma,* 329 

Ossinova, 293 

Osterfeld, 759 

Ostrau-Karwin, 202, 245 

Otto, 107, 114, 245 
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Coals (seam, mine, or place of origin), Palmer,* 
208-9 

Parkgate, 163, 257, 300-1, 305, 3S2, 727, 
1780, 1789 

Pas-de-Calais, 103, 210 
Peisenberg, 106 
Pembrina, 712 

Pennsylvania,* 37, 45, 71, 74, 82, 138, 142, 
146, 149, 206, 210, 315-7, 324, 401, 405, 
410-1, 438-9, 487, 505, 509, 514, 523, 
525-6, 544, 556-7, 563, 587, 590 
Phalen, 631 
Phonix, 691-2 

Pittsburgh,* 147, 168-9, 179, 236, 238-9, 

264-5, 303, 322, 347, 351-2, 363, 368-70, 
374, 383-6, 390-1, 401, 408-9, 418, 420, 
422-3, 458— 9, 467, 530-1, 610-2, 631, 
644, 650, 666-7, 715, 721-2, 724, 732, 
734, 737, 745, 752, 756, 763, 767, 849-50, 
858, 886, 900, 907, 910-1, 913, 916, 927, 
1022, 1030, 1379, 1545, 1554, 1560, 1705, 
1760-2, 1775, 1781-4 
Pittston,* 1710 

Pocahontas,* 208-9, 263-5, 279, 305-6, 350, 
526, 660, 763, 910-1, 1022, 1545, 1560 
Pocahontas No. 3,* 263, 304, 370, 374, 384-0, 
650, 663, 845, 858, 900 
Pocahontas No. 4,* 263, 304, 650, 845 
Pocahontas No. 5,* 263 
Polish, 213 

Pond Creek,* 304, 650, 838, S44 

Pool,* 71, 303 

Powellton,* 844, 846, 910-1 

Pratt,* 1294-301 

Proprietary, 372-3, 716-7 

Prosper, 315, 327 

Prosper II, 202 

Radbod, 216 

Raton,* 573 

Red Vein, 145, 153 

Rhonisli, 699, 712, 714 

Rlienish-Westphalian, 200, 252 

Riebeck, 692, 702 

Rock Island,* see Coals, Illinois No. 1 

Rocky Mountain,* 138 

Rose Deer, 712 

Rosebud,* 1760 

Rossi tz, 742 

Itottgersbank, 257 

Royal,* 210 

Ruhr, 107, 122, 131, 150, 203, 210, 214, 217, 
223-4, 233, 251-2, 258, 301-3, 339, 451, 
482, 1009, 1382 
Rumanian, 84 

Russian, 53, 61, 77-8, 84-5, 280-98, 327, 382, 
491, 687-9 

Saar, 122, 150, 188, 193, 217, 220, 233, 258, 
340, 458, 474, 742, 822, 857, 1009, 1382 
Sattelfloz-Niederbank, 131 
Saxon, 175, 188, 219, 233-4, 474-5, 701, 712, 


Coals (seam, mine, or place of origin), Scher- 
binsky, 735 
Scholler, 327 

Scottish, 317, 333, 338, 884, 907, 1009, 1031 
Sewell,* 168-9, 236, 263, 265, 304-6, 320, 
630, 650, 843, 845, 913 
Shafton, 1382 
Shamokin,* 318 
Sharlston Wallsend, 1601 
Sheridan,* 631 

Silesian, 203, 219, 474, 692, 1008, 1030 

Silkstone, 300-1, 305, 762 

Somerset, 306, 308, 763 

Sonnenscliein, 245, 514 

Sopliia-Jacoba, 720 

South African, 149, 748, 1030 

South Australian, 446 

South Dakota,* 61, 71 

South Hetton, 1382 

South Limburg, 107 

South Wales, 46, 61, 195, 259, 306, 308, 748, 
907, 917, 1019 

Springfield,* see Coals, Illinois No. 5 

Staffordshire, 259 

Stanllyd, 305 

Stavely, 766-7 

Stinnes, 724 

Stockton, 716 

Styrian, 693 

Sydney, 631 

Taggart,* 125 

Tennessee,* 438-9 

Texas,* 673 

Thick, 489-90 

Thick Freeport,* 573 

Three Quarter, 198 

Tiefbau, 225, 257 

Trieben, 327 

Tscheremchowsehes, 678 

Tup ton, 198 

Two Foot Nine, 163, 195, 257 
Ukrainian, 1760 
Ungarn, 25 S 

United States,* 25, 27, 31-2, 37, 46-7, 49-52, 
55, 57, 59, 71-2, 107, 131, 139, 144, 156, 
178, 205, 207, 303, SOS, 314, 318, 340, 
347, 3S2, 429, 436, 468, 489, 586, 649, 
672-3, 752, 838, 847, 880, 908, 1008, 
1488, 1636, 1757 
Upper Banner,* 841-4 

Upper Freeport,* 128, 147, 236, 264-5, 351, 
650, 845 

Upper Kittanning,* 31, 264-5, 269, 659, 845 
Upper Silesian, 150, 174, 188, 203, 210, 214, 
217-8, 223-4, 230-4, 249, 258-9, 301-3 
490-1, 1019 
Utah,* 32, 850, 1386 
Viirpalota, 714 
Velen, 494, 683-4 
Velva,* 1760, 1781 
Victoria, 305-6 


714, 1075, 1381 
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Coals (seam, mine, or place of origin), Viktoria, 
245 

Virginia,* 32, 34, 78, 180, 610-2 
Voroskilov, 715 

Washington,* 61, 78-9, 149, 401, 403, 405, 
410-1, 574, 1710, 1784 
Wasserfall, 245 
Wealdon, 721 
Wehhofen, 724 

Welsh, 53, 145, 153, 204, 1008, 1379 
Werminghoff, 691-2 

West Virginia,* 32, 34, 83, 138, 147, 149-50, 
206, 324, 439, 505, 509, 525-6, 544, 557 
Western Australian, 45 

Westphalian, 188, 215, 219, 233-4, 249, 338, 
361, 474, 721, 1008, 1019, 1030 
Wigan Six-Foot, 765 
Williams ton,* 34 
Winifrede,* 303 
Wisconsin,* 684 
Witbank, 714 
Wurm, 217-8, 258 
Wyoming,* 149, 324, 491, 763 
Yampa,* 17 

Yorkshire, 170, 259, 306, 339, 445, 474, 586, 
907, 917, 1019, 1607, 1789 
Yubari, 198, 255 
Zliurinsk, 470 
Zollverein, 218, 257 
Zwickauer, 1382 
Zwickau-Obenholindorf, 202 
Cochrane tumbler test, 871, 883, 8S6-7 
Coke, see also Blast-furnace operation ; Combus- 
tion of coke 

apparent density, 893-4, 915-6 
ash in, 587, 875 
bulk density, 874-6, 892 
cell structure, 858, S61 
combustibility, see Coke, reactivity of 
compressive strength, 891 
consumption in United States, 863-4 
determination of size and size distribution, 
876-81 

effect of coal moisture on yield of, 857 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 843-7, 
858 

effect of temperature on composition, 913-4, 
1295 

effect of temperature on yield of, 840-1, 843-7, 
1295-6, 1299-301 

electrical conductivity, 317-8, 905, 913, 916 
for gas producers, 872-4, lolO, 1710-2 
from blends of coal and inerts, 909-12 
from blends of coals, 908-9 
from oxidized coal, 663-6, 860-1 
from vertical coke ovens, 805, 886 
graphitization of, 904-6, 914 
hardness, see Coke, strength 
heat content, 819, 824-5 

* United States. 


Coke, hydrogenation, 1607 

low-temperature, sec Semi-coke 
nitrogen in, see Nitrogen in coke 
oxidation, 368-71, 374, 906 
permeability to gases, 895 
porosity, 894 

pressure abrasion test, 891 
production of low-sulfur, 448-9 
reactivity, 857, 859, 867-9, 871, 873 5, 895- 
904, 912-9, 1516-7, 1001-3, 1605-6, 

1610, 1645-6, 1711-2 
adsorption tests, 904, 913, 916 
catalysts and, 914, 917-9, 1605-6 
critical air-blast method for determining, 
900-1 

dependence on carbonization temperature, 912 
importance for gas producer fuel, 1645-0, 
1711-2 

modified ignition-point method for determin- 
ing, 899-900 

overfeed burning tests, 901-4 
to carbon dioxide, 897-8, 91.3, 1601-3 
underfeed burning tests, 901 
resistance to shatter, 858, 865-0, 87:1, S77, 
883-8, 892, 906-12, 910-7 
sampling, 878-9 
shape factor, 882 

shatter test, see Coke, resistance to shatter 
sizing, SOS-71, S73-5 
specific gravity, 861, 876, 894-5, 914 
specific heat, 324-5 
specific surface, 881-3 
strength, 852, 858, 860, 883-92, 900 -12 
sulfur in, sec Sulfur in coke 
temperature dependence of properties, 912 4 
thermal conductivity, 321 
thermal diffusivity, 323 
“true” abrasion test, 887, 889-90 
tumbler test of, 805, 877, 883, S80 
X-ray diffraction by, 330, 905-6, 1699-700 
Coke guide, 7S2 
Coke-oven doors, 782, 827-8 

Coke-oven gas, see Gas from carbonization of 
coal 

Coke ovens, beehive, 774-8 

carbonizing capacity of, in United States. 
794 

heat loss in, 776 
loss of byproducts in, 770 
waste heat recovery in, 770 
byproduct, American-Fou ndat.km, 794 
Becker, 794, 803 
Cambria, 794 
carbon deposition in, 850 
carbonizing capacity of, in United States, 794 
charging, 778-81 

continuous retorts, 774, 807 -10, 813 0, 924 
Coppee, 783 

Curran-Knowles, 794, 807, 811, 925 
development, 783-803 
dimensions, 781 
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Coke ovens, byproduct, double-divided, 790-4 
efficiency of heating, 822, 824-6 
electrically heated, 774, 811-2 
end-flue construction in, 828 
flow of gases within, 204, 854-5, 922-3, 1155 
gas pressure in, 780, 836 
hairpin flue in, 794, 796-7 
Hayes retort, 813 
heat balances, 820-5 
heat losses from, 819-21, 826-7 
heat transfer in, S2S-31, 852, 854-5 
heating, 782-3, 818-20, 830, 834-5 
Hiissener, 783 
Improved Equipment, 794 
intermittent retorts, 774, S03, 923—4 
intermittent vertical chamber, 803, S05-7 
Koppers, 785, 788-94 
Koppers-Becker, 796, 800—4 
Koppers recirculation, 832 
low-differential, 794 
materials of construction, 816 
number in United States, 794 
Otto, 783, 794, 796, 798-9 
Otto-Hoffmann, 783, 7S5 
Otto-Wilputte, 797 
Parker-Russell, 794 
Piette, 794 

pushing schedules, 781 
rate of coking in, 781 
Roberts-Morrisey, 794 
Schniewind, 784, 786 
Semet-Solvay, 785, 787, 789, 794 
Simon-Carv€s, 783-4 
Smokeless charging, 7S0 
sole-heated, 774, 807, 811, 925 
spalling of silica brick in, 856 
steaming in, 805, 807, 925, 1027 
stresses in, 818 

temperature distribution in, 818, 836-7, 922 
underjet, 796, S03 
Wilputte, 789, 795 

Coke-tree formation in domestic stokers, 1493 
Coking principle, 755-60 

Coking properties of coal, see Coal, plastic prop- 
erties 

Coking time, see Rate of coking 
Collain, 95, 119 

2,4,6-Collidine in coal gas, 1131 
Collidines, extraction of coal by, 735 
from hydrogenation of coal, 1779 
in high-temperature tar, 472 
Combustion, of coal, 1482-567 

as pulverized fuel, see Combustion of pul- 
verized coal 
catalysts in, 568-71 
chemistry of, 1515-20 

effect of ash content on, 300-1, 548-72, 587 
effect of moisture in coal on, 619--20 
effect of oxidation of coal on, 674, 1493 
furnace volume reactions in, 1513-4 
importance of plastic properties in, 298-301, 
568 


Combustion, of coal, in fuel beds, classification, 
1507-8 

clinker formation in, 548-54 
effect of ash on, 548-54 
effect of coal size on, 300-1 
effect of depth of bed on, 300-1 
effect of rate of air flow on, 300—1 
gas composition in, 1507-8 
heat flow in, 1507-12 
reaction rates in, 1503-7 
temperature distribution in, 1510-1, 151* 
in hand-fired heaters and boilers, 1483-5 
in open fires and grates, 1482-3 
on chain-grate stokers, 14S5-8 
on multiple-retort underfeed stokers, 148S- 
92, 1509-12 

on overfeed stokers, 1494, 1508 
on single-retort underfeed stokers, 1492-4 
on spreader stokers, 1494-5 
on traveling-grate stokers, 1485-S 
performance tests, 1498-9 
physics, 1501-14 

secondary air for, 1483-4, 1486-7, 1492, 
1497-8, 1513 

segregation of ash in, 526, 531, 562-4, 1497, 
1561-2 

selection of coal for stokers for, 1404-501 
smoke emission in, 1497-9 
of coal gas, 1253—75 

atmospheric burners for, 1265—75 
calculations, 1254-60 
chemical reactions of, 1254 
constants relating to, 1256-7 
dew point of flue products from, 1260, 1203 
heat content of flue products from, 1260-2 
mechanism, 1263-5 
test burners for, 1272-5 
of coke, as domestic fuel, 872-5, 915 
as pulverized fuel, S72 
catalysts in, 914, 917-9, 1605-0, 1634 
effect of bulk density on, 874-5 
stokers for, 872 
of pulverized coal, 1522-67 

auxiliary equipment for, 1532-0 
burners for, 1534-6 
carbon losses in, 1566-7 
cenosphere formation in, 1550-1 
combination firing in, 1539 
development trends in, 1567 
elimination of ash in, 1561-2 
flame propagation in, 1549-50 
fuels for, 1539-40 
furnace conditions with, 1540-7 
heat transfer in furnaces for, 1502-6 
history, 1522-9 
in cement kilns, 1522-3 
in metallurgical furnaces, 1523-4 
in power plants, 1525 
in small furnaces, 1536, 1538 
in steam locomotives, 1538-9 
influence of excess air on, 1556-7 
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Combustion, of pulverized coal, mechanism, 
1550-5 

rate of burning of individual coal particles 
in, 1555-01 

slagging of ash in, 564-5 
typical furnaces for, 1529-32 
Complete gasification, 1629-35, 1646-7, 1716-7 
Conditioning of coal, see Preheating of coal 
Coorongit, 453 
Coppee coke oven, 7 S3 
Cordaites in fusain, 20 

Coronene from hydrogenation of coal, 383, 1780 
Corrosion, by ammoniacal liquor, 1388 
by coal gas, 934-5, 943-4, 947, 954-5 
by hydrocyanic acid, 1083-6 
by hydrogen sulfide, 957 

from quenching coke with liquor, 1373, 1421-2 
in ammonium chloride production, 1409 
in ammonium sulfate production, 1048-9, 1069 
in light-oil recovery, 1164 
of light-oil stills, 1142-3 
of tar stills, 1079 

Coumarone, from carbonization of coal, 1362 
in coal gas, 932, 942 
in coal tar, 1326-7 
in heavy solvent naphtha, 1153 
in light oil, 1141, 1146, 1148, 1326 
physical properties, 1148 
polymerization, 942 

Crackene from carbonization of coal, 1370 
Creosote, percentage of tar as, 1323—4, 1326-7 
Cresol, as wash oil for light-oil recovery, 1182 
extraction of coal by, 735, 755 
from hydrogenation of coal, 1779, 1781-3 
from hydrogenation of tar, 1790 
hydrogenation, 1769—70 
in ammoniacal liquor, 1381, 1386 
in coal gas, 942 
in coal tar, 1343-5 
uses, 1348-50 

wi-Cresol, extraction of coal by, 735, 738 
from carbonization of coal, 1364 
from hydrogenation of coal, 1780 
in ammoniacal liquor, 1385-6, 1445-6 
in coal gas, 932 
in coal tar, 1346 
in light oil, 1148 
physical properties, 114S 
purification, 1346-7 
toxicity, 1417 
uses, 1348 

o-Cresol, extraction of coal by, 735 
from carbonization of coal, 1363 
from hydrogenation of coal, 1780 
in ammoniacal liquor, 1385, 1445-6 
in coal gas, 932 
in coal tar, 1345-6 
in light oil, 1148 
physical properties, 1148 
toxicity, 1417-8 
uses, 1348-9 
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p-Cresol, extraction of coal by, 735 
from carbonization of coal, 1364 
from coal extracts, 713 
in ammoniacal liquor, 1386, 1445-6 
in coal gas, 932 
in coal tar, 1346 
in light oil, 1148 
physical properties, 11.48 
purification, 1346-7 
toxicity, 1417 

Critical air blast test, 874-5, 900-1 
Crotonylene, from carbonization of coal, 1358 
in coal gas, 931, 939 
Cumene, from carbonization of coal, 1361 
in coal tar, 1326 
in heavy solvent naphtha, 1153 
Curran-Knowles coke oven, 794, 807, 811 
tar from, 1304, 1309, 1313-4 
Cu finite, 9S 

Cyanides, see also Ammonium cyanide; Cyano- 
gen ; hydrocyanic acid 
determination in ammoniacal liquor, 1471-2 
recovery from ammoniacal liquor, 1403-4 
Cyanogen, see also Hydrocyanic acid 
annual output in United States, 1083 
concentration in carbonization gases, 1082, 
1087-8 

conversion to ammonia, 1464 
distribution in gasworks, 1087 
formation from ammonia, 101.4-0 
fouling of oxide boxes by, 1086 
from carbonization of coal, 1358 
from high- temperature carbonization of coal, 
1011, 1020 

from low-temperature carbonization of coal, 
1017-8 

in coal gas, 944, 1008 
in producer gas, 1030 
in water gas, 1030 

influence of ammonia on removal from gas of, 
1091-2 

nitrogenous chars from, 483 
poisoning of catalysts by, 1085 
recovery from gas, alkaline suspensions of iron 
oxide for, 1090-103, 1113- 4 
ammonia for, 1090 
as thiocyanates, 1.100-17 
Bueb process for, 1097, 1103 6 

by scrubbing with water, 1110 7 

calcium ferrocyanide process for, 1101 3 
C.A.S. process for, 442, 994 5, 1009-70 
formation of complex copper salts in, 1107-9 
hot notification methods for, 1117-9 
in Burklieiser process, 1003-5, 1113 
in Feld process, 1060-3, 11.13 
in Ferrox process, 1113-4 
in Seaboard process, 1112-3 
in Thylox process, 11,14 
Knublauch process for, 1090-103 
lime for, 1095-6 
recovery from spent oxide, 1079 
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Cyanogen, removal in oxide boxes, 1090-1 
Cyclohexadienes, in light oil, 1143, 1147 
physical properties, 1147 
Cyclohexane, dehydrogenation, 1771 
extraction of coal by, 737 
from carbonization of coal, 1359 
from hydrogenation of coal, 1779, 1784 
from hydrogenation of tar, 1790 
in light oil, 1143, 1147 
physical properties, 1147 
Cyclohexanol, extraction of coal by, 738 
Cyclohexene, from carbonization of coal, 1300 
in light oil, 1147 
physical properties, 1147 
Cyclohexyldihydrodimetliylpyridine, 4G2 
Cycloliexylpyridine, 462 

Cyclopentadiene, from carbonization of coal. 
1359 

in coal gas, 931, 941 

in light oil, 941, 1139, 1141-2, 1147 

influence on benzol-refining, 1144, 1201-2 

physical properties, 1147 

polymerization, 1142-3 

reactions, 1142 

removal from light oil, 1201-2 
Cyclopentylpyridine, 462 
Cymene, in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
p-Cymene, extraction of coal by, 737-8 
from carbonization of coal, 1363 
CzakO and Schaaek burner, 1272 

Decalin, dehydrogenation, 1771 
extraction of coal by, 751 
from carbonization of coal, 1363 
from hydrogenation of coal, 1780 
Decane, dehydrogenation, 1771 
from carbonization of coal, 1362 
u-Deeane, from carbonization of coal, 1362 
in light oil, 1147 
physical properties, 1147 
Decene from carbonization of coal, 1362 
Decozane from extraction of coal, 695 
Dovooys process, 578 

Diaminobutanol for liquid purification of gas, 
991 

Diammopropanol for liquid purification of gas, 
990 

Diaspore, 487-8, 505 

2,3,5,6-Dibenzocoumarono from carbonization of 
coal, 1370 

Dibenzothionaphtliene from carbonization of coal, 
1370 

Dibenzyl, extraction of coal by, 737-8 
p-Diclilorobenzene, extraction of coal by, 738 
Dichloroethylene, extraction of coal by, 721 
Dicyclopentadiene, from carbonization of coal, 
1362 

in light oil, 941, 1141-2, 114G-7 
physical properties, 1147 


Dicyclopentadiene, polmerization, 1143 
Didier producer, 1 SOS-10 ; see also Bubiag- 
Didier producer 

Diethylacetylene from carbonization of coal, 1359 
Diethylamine, extraction of coal by, 735 
from carbonization of coal, 1359 
in ammoniacal liquor, 471, 1385 
Diethylaniline, extraction of coal by, 735 
Diethylene glycol monoetliyl ether, extraction of 
coal by, 733 

Diethyl ether, extraction of coal by, 704, 755 
Diethyl sulfide, from carbonization of coal, 1360 
in light oil, 1143, 1149 
physical properties, 1149 
Dihydroacridine, 4C6 

Diliydrobenzene from carbonization of coal, 1360 
Diliydromesitylene, from carbonization of coal, 

1362 

from extraction of coal, 743 
in low- temperature tar, 764 
in vacuum tar, 764 

Diliydronaplithalenes, in light oil, 1146—7 
physical properties, 1147 
Diliydroprehnitene, from carbonization of coal, 

1363 

from extraction of coal, 743 

5.6- Dihydropyrindine, 460 
Diliydroquinoline, in peat tar, 477 

in vacuum tar, 460 

Dihydrotoluene from extraction of coal, 743 
3,4-Diliydroxybenzoic acid from alkali fusion of 
humic acids, 419 

Diliydroxylene from carbonization of coal, 1361 
Dihydro-wi-xyleue, from extraction of coal, 743 
in vacuum tar, 764 

1,1 -Dimethylallenc trom carbonization of coal, 
1359 

Dinictliylaniliiie, extraction of coal by, 735 
in liigh-temperature tar, 473 
in light oil, 1148 
physical properties, 114S 
Dimethylantliracene from hydrogenation of coal, 
3 S3 

2.6- and 2,7-Dimetliylaiithraceiie from carboniza- 

tion of coal, 1369 

2.3- Dimethylbiitadiene from carbonization of 

coal, 1359 

2.4- Dimetbyl-S-scc-bn tylquiiioline, 465 
Dimethylcatecliol from carbonization of coal, 

1366 

3.6- , 4,5-, and 4,6-Dimothylcoumarone from car- 

bonization of coal, 1365 

Dimethylcyclohcxane, from hydrogenation of 

coal, 1784 

from hydrogenation of tar, 1790 
in light oil, 1144, 1147 
physical properties, 1147 
1,3- and 1,4-Dimethyleyclohexane from carboni- 
zation of coal, 1360 

1.6- Dimethyldecalin from carbonization of coal, 

1364 
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3,4'- and 4,4'-Dimethyldiphenyl from carboniza- 
tion of coal, 1368 
s y m~Dime tliy len e in coal gas, 929 

1.3- Dimethyl-5-ethylbenzene from carbonization 

of coal, 1363 

3.4- Dimethylethylbenzcne from carbonization of 

coal, 1363 

wn$$/m-Dimetliylethylene in coal gas, 929 

2,3- and 2,4-Dimethyl-8-etliylquinoline, 4G3-4 

4.6- Dimetbylhydrindene from carbonization of 

coal, 1365 

Dimethylindenes from carbonization of coal, 
1365 

1.2- Dimetbyl-4-isopropylbenzene from carboniza- 

tion of coal, 1364 

1.3- Dimethylisoquinoline, from carbonization of 

coal, 1367 

in high-temperature tar, 473, 1353 

2, 8-Dime thy lisoquinoline in high-temperature 
tar, 1353 

2.6- Dimethylnaphthacene from carbonization of 

coal, 1369 

Dimethylnaphthalene, from hydrogenation of 
coal, 383 

in coal tar, 1326, 1336 

1.2- , 1,5-, 1,6-, 2,3-, 2,6-, and 2,7-Dimethylnaph 

thalene from carbonization of coal, 1367 

2.3- , 2,4-, 2,5-, 2,6-, 3,4-, and 3,5-Dimethyl 

phenol, in light oil, 1148 
physical properties, 1148 

2.3- and 2,4-Dimethyl-S-n-propylquinoline, 464-5 
Dimethylpyrene from hydrogenation of coal, 383, 

1780 

Dimethylpyridine, in high-temperature tar, 471, 
1351 

in light oil, 1145 

2.3- Dimethylpyridine, from carbonization of coal, 

1362 

in high-temperature tar, 47 S 
in light oil, 1148 
in peat tar, 470 
physical properties, 1148 

2.4- Dimethylpyridine, 466 

from carbonization of coal, 1362 
from hydrogenation of coal, 1780 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2.5- Dimethylpyridine, 466 

from carbonization of coal, 1362 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2. 6- Dime thy lpyridine, 466 

from carbonization of coal, 1361 
in high-temperature tar, 473 
in light oil, 1148 
in low- temperature tar, 470 


2,6-Dimethylpyridine, physical properties, 1148 

3.4- Dimethylpyridine, from carbonization of coal, 

1362 

in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 471 
physical properties, 1148 

3.5- Dimethylpyridine, 466 

from carbonization of coal, 1302 
physical properties, 1148 
Dimethylquinoline, in high-temperature tar, 473 
in peat tar, 470 

2.3- Dimethylquinoline, 462 

in high-temperature tar, 472 

2.4- Dimethylquinoline, 462 

2.8- Dimethylquinoline, 403, 466 
from carbonization of coal, 1366 
in high-temperature tar, 473 

4.6- Dimetliylquinoline in high-temperature tar, 

472 

5.8- Dimethylquinoline, from carbonization of coal, 

1367 

in high-temperature tar, 472--3 
Dimethyl sulfide, from carbonization of coal, 1358 
in coal gas, 947 
in light oil, 1142, 1149 
physical properties, 1149 

Dimethyltliiopliene, from carbonization of coal, 
1361 

in light oil, 1145, 1149 
physical properties, 1149 
Diolefins, see also individual compounds 

formation of gum in motor benzol from, 1143, 
1198 

in light oil, 1143, 1147, 1198 
removal from light oil, scyj Light oil refining 
Dioxane, extraction of coal by, 738, 757 
Diphenyl, see Biphenyl 
Diphenylamine, extraction of coal by, 735 
Y-Diphenylenemetliane from carbonization of 
coal, 1368 

Diplienylcne oxide, from carbonization of coal, 

1368 

liydrogenolysis, 415-6 

Diplienylcne sulfide from carbonization of coal, 
1368 

Dipiperidyd for liquid purification of gas, 991 
Disco, 814, 916, 1303 ; sec also Winner process 
Distortion of coke-oven walls by pressure, 270-1 
Docosane from carbonization of coal, 1868 
a-Dodecane from carbonization of coal, 1304 
Dodecene from carbonization of coal, 1364 
Dolomite as flux for coal-ash slag, 533 
Dopplerite, 6, 13 

Dotriacontane from extraction of coal, 694 
Double-divided coke oven, 700-4 
Dowson producer, 1660 
Drawe producer, 1665, 1669 
Dry purification of gas, sea also Tron oxide puri- 
fication of gas 
activated carbon for, 909 
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Dry purification of gas, effect of cyanogen on, 
1086-7 

iron oxide for, 959-69 
lime for, 959, 1089 
manganese dioxide for, 966 
nickel oxide for, 970 
silica gel for, 969 
thiocyanate formation in, 1092 
Weldon mud for, 965 
Drying of coal, for carbonization, 850-5 
heat economy, 855-6 
Du Pont process for cleaning of coal, 581 
Dulong’s formula, 13S 
Dupuy producer, 1668 

Durain, 6, 10, 14, 22-3, 29, 88, 94-5, 97, 102, 
109, 113, 119 

absorption of X-rays by, 333 
ash composition, 490, 493 
diffraction of X-rays by, 334-5 
friability, 150-1 
halogen absorption by, 342 
hardness, 145 
hydrogenation, 3S7-S 
mineral matter in, 489 
nitrogen in, 451 
rate of oxidation, 350, 652-3 
solvent extraction, 721, 727, 754-5 
Durene, from carbonization of coal, 1364 
in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
Durenol from carbonization of coal, 1366 
Durinite, 97 
Duritj see Durain 
Dustproofing coal, 59S-9, 623 
Dux producer, 1667 

Ekof process, 591 

Electrolytic oxidation, of ammoniacal liquor, 
1466-7 
of coal, 355 

of hydrogen sulfide, 973 
Electrostatic separation of fusain, 320 
Elmore vacuum-flotation process, 583 
Epidote, 23, 488 
Esehka method, 430-2 

Ethane, in coal gas, 927-9, 931, 937-8, 1253, 
1357 

synthesis, 1797-8 

Ethanol, extraction of coal by, 702, 704, 737-8, 
755 

extraction of peat by, 682 
from carbonization of coal, 1359 
recovery from coal gas, 1243 
Etli&nolamincp for liquid purification of gas, 
990-1 

Ether, see under individual ethers 
Ethyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
Ethylacetylene from carbonization of coal, 1358 
Ethyl alcohol, see Ethanol 


Ethylbenzene, extraction of coal by, 737-8 
from carbonization of coal, 1361 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1141, 1145-6 
physical properties, 1146 
Ethyl carbonate, extraction of coal by, 738 
Ethylene, in coal gas, 929, 931, 938, 1253, 1357 
reaction with ammonia, 1015 
removal from gas, 1242-5 
synthesis of, 1798 

Ethylene glycols, extraction of coal by, 733, 737 
Ethylene oxide, extraction of coal by, 733 
Ethylethylene in coal gas, 929 
Ethylmereaptan, from carbonization of coal, 1358 
in coal gas, 932, 947 
in light oil, 1142, 1149 
physical properties, 1002-3, 1149 
3-Etliyl-5-methylphenol from carbonization of 
coal, 1365 

1- and 2-Etliylnaphthalene from carbonization of 
coal, 1366 

in-, 0 - } and p-Ethyl phenol, from carbonization of 
coal, 1364 
in light oil, 1148 
physical properties, 1148 
Eu-vitrain, 7, 95 
Euvitrit, see Eu-vitrain 
Exinite, 98 

Expansion and expansion pressure of coal, 240- 
80, 2S5-98, 305-9 

comparison of methods of test, 305-9 
constant-pressure, small-scale tests, 242-S 
constant-volume, small scale tests, 248-59 
damage to coke ovens by, 240-1, 260, 270-1, 
285, 307-8, 853 
definition, 161, 240-1 

dependence on petrographic composition, 245, 
247, 251-2, 254, 257, 276-7 
dependence on rank, 245, 249, 257, 263-4, 268, 
305, 307-8 

effect of additions of boric acid on, 253-4, 
258-9 

effect of ash on, 264-5 

effect of blending coals on, 249, 255-7, 266, 
273, 276 

effect of bulk density on, 249, 265-7, 272-3. 
275-6, 309 

effect of diluents on, 249, 255-6, 258, 265, 275, 
277 

effect of moisture on, 249, 266 
effect of oxidation on, 253, 259, 266, 287, 292, 
669 

effect of particle size on, 249, 255-6, 258, 205, 
275, 277 

effect of preheating on, 252-3, 255, 259 
effect of pyridine vapor on, 258 
effect of rate of heating on, 249, 265-7, 272-3, 
275-6, 309 

measurements of, in coke ovens, 271 
test-ovens for determining, 259 78 
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Explosion pressures of gases, 1279-81 
Extraction of coal, acid, 455-S, 592-3 
solvent, see Solvent extraction of coal 

Faserlcohle, see Fusain 
Fatty acids, see also individual acids 
synthesis, 1797, 1833, 1838-9 
Feld process, of gas purification, 442, 970, 992-3, 
997, 1060-3, 1106, 1113 
of tar recovery, 1320-1 
Feldspar, 23, 488 

as flux for coal-ash slag, 582 
Ferrox process, 443, 971-3, 1113-4 
Fiat producer, 1667 
Fireclay brick, 816-8 
physical properties, 817 

Fischer-Tropsch process, see Hydrocarbon syn- 
thesis 

Float-and-sink testing, 574 
Flocculation of coal slurry, 593-8 
Flow of gas, in coke ovens, 204, 854-5, 922-3, 
1155 

through beds of broken solids, 1504, 1512, 1646 
Flue gas, equipment for cleaning, 149 S 
sulfur recovery from, 443-4 
Fluoranthene, from carbonization of coal, 1370 
from hydrogenation of coal, 383, 1780 
in coal tar, 1340-1 
purification, 1342-3 
uses, 1343 

Fluorene, from carbonization of coal, 1368' 
from hydrogenation of coal, 383, 1780 
in coal tar, 1326-7, 1335, 1338 
purification, 1338 
uses, 1339 

Fluorspar as flux for coal-ash slag, 532-3. 

Fluxes for reduction of viscosity of coal-ash slag, 
531-3, 550 

Fly ash, from pulverized-coal firing, 1561-2 
in smoke, 1498 

slagging of heating surfaces by, 561-5, 571 
Formation of coal, see also Origin of coal 
biochemical stage, 9-12, 28 
cellulose-lignin controversy on, 11-2, 367 
colloidal chemical stage, 12-4 
dynamochemical stage, 9, 14-9 
influence of minerals in, 24 
metamorphic stage, 9, 14-9, 28 
peat stage, 9-12 
pressure factor in, 17-9, 40 
temperature in, 15-9, 40 
time factor in, 17, 28 

Formic acid, from alkali fusion of coal, 420 
from carbonization of coal, 1360 
in ammoniacal liquor, 1384-5 
synthesis, 1838 
Foundry coke, 864-71 
Friability of coal, see Coal, friability 
Froth flotation of coal, behavior of clay in, 590 
behavior of pyrite in, 590 
effect of pH in, 590 

Volume I, pages 1-920; 


Froth flotation of coal, influence of coni rank 
on, 590-1 

processes for, 5S2-3 
reagents used in, 5S8-91 
separation of coal types by, 591 
theory, 588 

Fuel beds, see Combustion of coal 
Fuel cells, 1568-85 

air electrodes for, 15S1-4 
Baur’s, 1577 

carbon anodes for, 1570-3 
direct, 1568-73 
economics, 1584-5 
elevated pressure operation, 1573 
energy relations in, 1568-9, 1574-5 
indirect, 1573-81 
Jacques’, 419, 1570 
mechanism of operation, 1509 
operating on dissolved reaction products, 
1580-1 

operating on gaseous reaction products of coal. 

1575-80 
Reed’s, 1572 

with diffusion electrodes, 1576, 1578 
with solid electrolytes, 1579-80 
Fuel Process Co. process, 581 
Fuel ratio, 50-1 

Fulvo acids from oxidation of coal, 347-S 
Fumaric acid from oxidation of coal, 300 
Fundamental jelly, 9 
Fungi, in coal, 117, 119, 121-2 
in formation of coal, 9 
Furfural, extraction of coal by, 733 
Furfuryl alcohol, extraction of coal by, 738 
Fusain, 5-0, 22-3, 27, 29, 33-4, SS, 94-0, 114-5. 
118 

alkaline permanganate oxidation, 375 
ash composition, 490 
electrical conductivity, 320 
electrostatic separation, 320 
friability, 150-1 
halogen absorption by, 342 
hydrogenation, 387-8, 390, 395, 1758 
in anthracite, 16 
mineral matter in, 489 
nitrogen in, 451 
origin, 19-21 
porosity, 333 

rate of oxidation, 350, 052-3 
selective flotation, 591 
solvent extraction, 721, 754-5 
sulfur in, 427 

Fusibility of coal aali, 490-527 
Fusinite, 96, 98, 99 
hydrogenation, 1758 
Fusitj see Fusain 

Garnet, 23, 488 
Gas conditioning, 936, 1250-1 
Gas from carbonization of coal, ammonia in, see 
Ammonia 
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Gas from carbonization of coal, ammonia re- 
moval from, 926, 975, 992-8, 1031-80 
byproduct recovery from, 926, 947-1231 
carbon monoxide removal from, 1247-8 
combustion data on, 823 
composition, 927-46 
effect of coal moisture on yield of, 857 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating: on yield of, 839, 843-7, 
858 

effect of temperature on composition, 842, 1295 
effect of temperature on yield of, 840-1, 843-7, 
1295-6, 1299-301 
ethanol recovery from, 1243-5 
ethylene recovery from, 1242-5 
for bright annealing, 956, 1285 
for controlled furnace-atmospheres, 1281—5 
for drying of ink, 1285 
for flame hardening, 1285 
for gas turbines, 1286 
for heating, see Combustion of coal gas 
for heat-treatment of steel, 955, 1282-5 
for lighting, 1252 
for melting glass, 955 
for open-hearth furnaces, 955-6 
for production of inert atmospheres, 1285 
formation, 921-3 

hydrogen recovery from, 1244-7, 1853 
hydrogen sulfide removal from, 926, 959-1002, 
1060-72 

indene removal from, 1241-2 
light-oil recovery from, 926, 1136-231 
naphthalene removal from, 1232-41 
nitric oxide removal from, 1249-50 
refrigeration for recovery of constituents, 
1243-7 

removal of nitrogen compounds from, 1008- 
135 

removal of sulfur compounds from, 947—1007 
styrene removal from, 1241-2 
tar removal from, 926 
typical analyses, 927, 1253 
variation in composition during coking, 930 
water vapor removal from, 1250-1 
Gas Machinery Co. process, 1735 
Gas producers, see also A.V.G. producer ; Chap- 
man producer ; etc. 
ash removal from, 1635-40, 1662-3 
capacities, 1587 
classification, 1659-69 
coke for, 872, 915 

composition of gases in fuel beds of, 1613, 
1616 

efficiency, 1629-30, 1038 
factors controlling operation, 1627-9 
fuel factors in, 1644-6, 1668-70 
fundamental reactions in, 1587-610, 1693-5 
graphical representations of conditions in, 
1618-21 

high-speed operation, 1640-3 
kinetics of reactions in, 1589-610 


Gas producers, mechanical, 1586-7 

operation under pressure, 1631-2, 1661 
rates of gasification in, 1667 
steam decomposition in, 1614-8, 1625-7, 

1706-9 

structure of fuel beds in, 1611-2, 1614, 1616, 
1627 

suction producers, 1661 
sulfur balance in, 1648 
theory of operation, 1610-29 
thermodynamic data for reactions in, 1587-9 
typical operating results, 1669—72 
use of carbon dioxide in blast of, 1643 
use of catalysts in, 1634 
use of oxygen in, 1629—35, 1716—7, 1748-9 
use of preheated blast in, 1612-3, 1634, 1643-4 
vehicular, S72-4, 1642, 1656-7, 1667-9, 1672 
Gas purification, see Dry purification of gas ; 

Liquid purification of gas 
Gas scrubbing, in mechanical washers, 1187-90, 
1237, 1239 

in static washers, 1185—7 
in towers, 11S3-5, 1236-8 
theory, 1165-73 
Gas turbine, 1286 

Gasification, see also Gas producers ; Producer 
gas ; Synthesis gas ; Water gas 
of pulverized coal, 1747-9 
Gasol, 1827, 1829, 1833-4 
Gasoline, see also Petroleum distillates 
from hydrogenation of coal, 1780-1, 1785 
from hydrogenation of tar, 1785-91 
Geocerinic acid from extraction of coal, 697 
Geologic age of coal, 26 
Georgs Marienhiitte producer, 1638 
Germanium in coal tar, 1357 
Girbitol process, 990-1 
Glanskohle , see Coal, bright 
Glover -West producer, 1654 
Glucosides from extraction of peat, 685 
Gluiid’s combination process, 993-4 
Gohin-Poulenc producer, 1640, 1642, 1662, 1668-9 
Goldschmidt channel, 1157—8 
Goutal’s formula, 141 
Graham-Stedts producer, 1667 
Grates, clinkcring on, 548-54, 1497 
erosion, 554-5 

temperature of slag adhesion to, 555 
Grebel-Yelter indicator, 1272 
Grindability, 73, 83, 151-9 
Groundmass, see Attritus 
Guaiacol, extraction of coal by, 738 
from carbonization of coal, 1366 
in ammoniacal liquor, 1383 
Guillaume producer, 1667 
Guyaquilite, 742 
Gypsum, 485, 487-8, 572-3 

for ammonia recovery, 1057-60, 1073 

H value of coal, 64 
Hairpin-flue coke oven, 794, 796-7 
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Halbfusit, 7 

Halogenation of coal, 337-45, 480-1 
Hanaa producer, 1667 
Hartite, 693 
Hawes burner, 1272 
Hayes mechanical grate, 1692 
Hayes process, 813 
Heat balances, in beehive coking, 776 
in byproduct coking, 818-26 
in production of water gas, 1717-9, 1746 
Heat economy in carbonization of coal, 818-26, 
848-50 

Heat transfer, in coke ovens, 828-31, S52, 854-5 
in pulverized-eoal furnaces, 1562-6 
Heffner-Tiddy process, 1454-5 
Heller producer, 1747, 1852 
Hematite, 48S 

Hemimellitene, from carbonization of coal, 1363 
in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
Hemimellitic acid from oxidation of coal, 360, 
372 

I-Ieneieosane from carbonization of coal, 1368 
Henry process, 597 

Heptacosane from carbonization of coal, 1368 
Heptane, extraction of coal by, 737 
from carbonization of coal, 1359 
n-Heptane, from carbonization of coal, 1360 
in light oil, 1143-4, 1147 
physical properties, 1147 
toxicity, 1418 

Heptene from carbonization of coal, 1360 
Heptene-1, in light oil, 1147 
physical properties, 1147 
Heurtey producer, 1666 
Hexacosane from carbonization of coal, 1368 
Hexahydrindene in vacuum tar, 764 
Hexahydrocresol in vacuum tar, 764 
Hexahydro-p-cresol from carbonization of coal, 
1363 

Hexahydrodurene from carbonization of coal, 
1362 

Hexahydrofluorene, from carbonization of coal, 
1366 

from extraction of coal, 742 
in vacuum tar, 762, 764 

Hexahydromesitylene, from carbonization of coal, 
1361 

in vacuum tar, 764 
Hexane, dehydrogenation, 1771 
extraction of peat by, 682 
n-Hexane, from carbonization of coal, 1359 
in light oil, 1143, 1147 
physical properties, 1147 
»-Hexanol, extraction of coal by, 738 
sec-I-Iexanol, extraction of peat by, 682 
Hexene from carbonization of coal, 1359 
Hexene-1, in light oil, 1142, 1147 
physical properties, 1147 
Hexene-2 from carbonization of coal, 1359 


Hilt’s law, 14 
Hofannite, 693 
Hofsiiss burner, 1272 

Homocatechol, from carbonization of coal, 1360 
in ammoniacal liquor, 1385 
Horizontal thrust pressure in formation of coal, 
14-5 

Hornblende, 23, 4SS 
Hot notification process, 441, 982 1)2 
Hot car for coke ovens, 782 
Houille brillantc , see Vi train 
Houille foliairc, 5-6 
Houille grassc a conrtc jlammc, 42, 51 
Houille grasse a gas, 110, 112-4, 116 
Houille grassc a longue jlammc, 41-2 
Houille grasse ct dure , 41 
Houille grasse mar tick ale, 41 
Houille grasse propremen t dito, 12, 51 
Houille grenue , 5-6 

Houille maigre on anlhra cite use, 42, 51 
Houille matte , see Durnin 

Houille sdche a longue ftarnme , 41- 2, 51, 109, 1 11 
Houille sc.mibriUantc ., see Clara in 
I-ISG producer, 1062, 1668 
Hultxnan and Pilo process, 1000 
Humates, in coal, 11, 24 
in peat, 24, 495 

Humboldt-Deutz producer, 1 667 
Humic acids, action of alkali on, 419 
action of solvents on, 351-2 
extraction by alkali, 70 
for ammonia recovery, 1055 
from oxidation of bitumens, 350 4 
from oxidation of coal, 317, 349-57, 654 
functional groups in, 353-6 
hydrogenolysis, 357, 393-4 
importance in briquetting, 625 
in formation of coal, 11 
in selective flotation of fusain, 591 
molecular and equivalent weights, 352 3, 356 
nitrogen in, 454-5, 478—9 
preparation and purification, 349 52 
rate of formation, 349-50 
regenerated, 347, 349-57, 654 
thermal behavior, 350-7 
ultimate composition, 353-5 
Hiissener coke oven, 783 
Hydrindene, from carbonization of coal, 1363 
in light oil, 1141, 1140 
physical properties, 1146 
Hydriodie acid, action on coal, 377-8, 394 
Hydroacridine, from carbonization of coal, 1368 
in lxigh-temperature tar, 473 
Hydrocarbon synthesis, 1797-845 

catalysts for, 1797-81, 1818-31, 1834-5 
Diesel oil from, 1800-2, 1833-4 
economics, 1839-45 

effect of carbon monoxide : hydrogen ratio on, 
1825 

effect of contact time on, 1826-30 
effect of diluents on, 1824-5 


Volume I, pages 1-920; Volume II, pages 921-1868. 



SUBJECT INDEX 


lxxxix 


Hydrocarbon synthesis, effect of pressure on, 
1824-6 

effect of temperature on, 1830 
fatty acids from, 1833, 1S38-9 
gasoline from, 1799-802, 1S26, 1828-9, 1S33-6 
induction period in, 1831-2 
industrial development, 1800-8 
lubricating oil from, 1800, 1802, 1835-8 
manufacture of gas for, 872-3, 1046-7, 1659, 
1802, 1804, 1806-14 

nature of products from, 1797—800, 1S02, 

1S24-9, 1833-9 

paraffin from, 1801-2, 1826-9, 1833-6 
reaction mechanism, 1798-9, 1830-3 
two-stage operation, 1833-4 
Hydrochloric acid, extraction of coal by, 592-3 
from carbonization of coal, 135S 
in ammoniacal liquor, 1384 
Hydrocyanic acid, sec also Cyanogen 
analytical procedures for determination, 1124-5 
bacterial oxidation, 1123 
behavior in Thylox process, 975 
concentration in carbonization gases, 10S8 
conversion to ammonia, 995—6, 1030-1, 1070, 
1120-3 

corrosive action, 1083-6 
distribution in gasworks, 1087-8 
effect on Ferrox process, 973 
effect on nickel sulfur-recovery process, 972-3 
efficiency of absorption in sulfocyanide process, 
1111 

formation from ammonia, 1014-6 
formation from pyridine, 1016 
from high- temperature carbonization, 474-5, 
943, 1011, 1018-20, 1358 
from low-temperature carbonization, 1016-9, 
1358 

in coal gas, 92S, 932, 942-3, 1008 
in light oil, 1139, 1142, 1148 
in producer gas, 1650 

physicochemical properties, 1119 -20, 1148 
properties of aqueous solutions, 1116 
reactions with iron compounds, 1090—1 
removal from gas with hydrogen sulfide, 943, 
906, 984, 987-8, 994-5 

suspensions of iron oxide for removal of, 1096 
toxicity, 1087 

Hydrogen, a primary product of pyrolysis of coal, 
771 

cost of production, 1840 
from blue gas, 1718-21 

from reaction of steam with iron, 1814, 1853 
in coal gas, 929-33, 1253, 1357 
purification, 1720-1 

removal from coal gas, 1244-7, 1720, 1811 
solubility in products from hydrogenation of 
coal, 1772-3 

Hydrogen chloride, see Hydrochloric acid 
Hydrogen cyanide, see Hydrocyanic acid 
Hydrogen peroxide, action on coal, 355 
Hydrogen sulfide, catalytic oxidation, 996, 1070-1 


Hydrogen sulfide, corrosion due to, 957 
electrolytic oxidation, 973 
in coal gas, 928-30, 932, 944-5, 947-9, 1253, 
1358 

in light oil, 1139, 1142, 1149, 1162 
in producer gas, 1648 

oxidation to sulfur, by activated carbon, 909 
by iron oxide, 960, 964, 971 
by sulfur dioxide, 997 
properties, 956, 1149 

removal by liquids, see Liquid purification of 
gas 

removal by solids, see Dry purification of gas 
removal from ammoniacal liquor, 1464-5 
removal from gas, 926, 959-1002, 1060-72 
removal from light oil, 1200—1 
removal of traces of, from gas, 90S 
sulfuric acid manufacture from, 958, 90S, 1072 
tests for, 951-3 
toxicity, 957 
utilization, 998 

Hydrogenation, of coal, 377-417, 1750-84, 1791- 
6, 1840-5 

by alkali formates, 378, 393, 395, 1750 
by carbon monoxide, 378 
by hydriodic acid, 377-S, 394, 1750 
by hydrogen under pressure, ammonia from, 
480, 1774 

bases from, 379-81, 393, 400, 1779-80, 
1782 

catalysts for, 1751-3, 1755, 1701-75 
design of plant for, 1791-6 
Diesel oil from, 17S0 
dissipation of heat in, 1776 
economics, 1840-5 
effect of agitation in, 1761—2 
effect of catalysts in, 1761-9, 1778 
effect of contact time in, 1775—7 
effect of pressure in, 1775-9 
effect of rank of coal on, 394—6, 1757-9, 
1781-2 

effect of temperature in, 1772-6 
effect of type of coal on, 387-91, 1757-9 
effect of vehicle on, 1761—3 
flow diagrams for, 1752-3 
gas evolution in, 410-2, 1774-7 
gasoline from, 17S0-1, 1785 
hydrogen absorption in, 1775-6, 1781-2 
industrial development, 1751—7 
lubricating oil from, 1780-1 
mechanism of, 397-417, 1762, 1773-5 
nature of oils from liquid-phase, 1779-84 
neutral oils from, 379-86, 1779-83 
phenols from, 379-83, 398, 400, 1779-83 
pretreatment of coal for, 1759-60 
rate of hydrogen -absorption in, 401-5 
rate of liquefaction in, 404-8, 1773-4 
rate of oxygen removal in, 403, 408-10, 
1773-4 

use in classification, 73 
of tar, 1784-96, 1840-5 
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Halbfusit, 7 

Halogenation of coal, 837-45, 480-1 
Hansa producer, 1067 
Hartite, 693 
Hawes burner, 1272 
Hayes mechanical grate, 1692 
Hayes process, 813 
Heat balances, in beehive coking, 776 
in byproduct coking, 818-20 
in production of water gas, 1717-9, 1746 
Heat economy in carbonization of coal, 81S-26, 
848-50 

Heat transfer, in coke ovens, 828-31, S52, S54-5 
in pulverized-eoal furnaces, 1502-6 
Heffner-Tiddy process, 1454-5 
Heller producer, 1747, 1852 
Hematite, 488 

Hemimellitene, from carbonization of coal, 1303 
in coal gas, 931, 940 
in light oil, 1147 
physical properties, 1147 
Hemimellitic acid from oxidation of coal, 360, 
372 

I-Ieneieosane from carbonization of coal, 1308 
Henry process, 597 

Heptacosane from carbonization of coal, 1368 
Heptane, extraction of coal by, 737 
from carbonization of coal, 1359 
n-Heptane, from carbonization of coal, 1360 
in light oil, 1143-4, 1147 
physical properties, 1147 
toxicity, 1418 

Ceptene from carbonization of coal, 1360 
[eptene-1, in light oil, 1147 
physical properties, 1147 
Heurtey producer, 1666 

I-Iexacosane from carbonization of coal, 1368 
Ilexahydrindene in vacuum tar, 764 
Hexahydrocresol in vacuum tar, 764 
Hexahydro-p-cresol from carbonization of coal, 
1363 

Hexahydrodurene from carbonization of coal, 
1362 

Hexahydrofluorene, from carbonization of coal, 
1366 

from extraction of coal, 742 
in vacuum tar, 762, 764 

Hexahydromesitylene, from carbonization of coal, 
1361 

in vacuum tar, 764 
Hexane, dehydrogenation, 1771 
extraction of peat by, 682 
n-Hexane, from carbonization of coal, 1359 
in light oil, 1143, 1147 
physical properties, 1147 
n-Hexanol, extraction of coal by, 738 
sec-Hexanol, extraction of peat by, 682 
Hexene from carbonization of coal, 1359 
Hexene-1, in light oil, 1142, 1147 
physical properties, 1147 
Hexene-2 from carbonization of coal, 1359 


Hilt’s law, 14 
Hofannite, 693 
Hofsiiss burner, 1272 

Homocatechol, from carbonization of coal, 1360 
in ammoniacal liquor, 13S5 
Horizontal thrust pressure in formation of coal, 
14-5 

Hornblende, 23, 4SS 
Hot notification process, 44.1, 982 -92 
Hot car for coke ovens, 782 
Houille brillante, see Vitrain 
Houille foliaire , 5-6 
Houille grasse a conrte flam me, 42, 51 
Houille grasse a gas, 110, 11.2-4, 116 
Houille grasse a longue flamrnc , 41-2 
Houille grasse ct dure, 41 
Houille grasse mart, eh ale, 41 
Houille grasse pro pr erne nt ditv, 42, 51 
Houille grenue , 5-6 

Houille maigre on anthracite-use, 42, 51 
Houille mat te, see Du rain 

Houille shell e a longue flammc, 41- 2, 51, 109, 1 1 1 
Houille scmibrillantc , see Clara in 
HSG producer, 1062, 1668 
Hultman and Pilo process, 1000 
I-Iu mates, in coal, 11, 24 
in peat, 24, 495 

Humboldt-Deutz producer, 1667 
Humic acids, action of alkali on, 419 
action of solvents on, 351-2 
extraction by alkali, 70 
for ammonia recovery, 1055 
from oxidation of bitumens, 350-1 
from oxidation of coal, 347, 349 57, 654 
functional groups in, 853-6 
hydrogenolysis, 357, 393 -4 
importance in briquetting, 625 
in formation of coal, 11 
in selective flotation of fusnin, 591 
molecular and equivalent weights, 352 3, 35(1 
nitrogen in, 454—5, 478 9 
preparation and purification, 349 52 
rate of formation, 349 50 
regenerated, 347, 349-57, 654 
thermal behavior, 350 -7 
ultimate composition, 353 -5 
Hiissener coke oven, 783 

Hydrindene, from carbonization of coal, 1363 
in light oil, 1141, 1116 
physical properties, 1146 
Hydriodic acid, action on coal, 377 8, 394 
Hydroacridine, from carbonization of coal, 1368 
in high-temperature tar, 473 
Hydrocarbon synthesis, 1797-845 

catalysts for, 1797-81, 1818-31, 1 834 5 
Diesel oil from, 1800-2, 1 833 4 
economics, 1839-45 

effect of carbon monoxide: hydrogen ratio on, 

1825 

effect of contact time on, 1826-30 
effect of diluents on, 1824-5 
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Hydrocarbon synthesis, effect of pressure oil, 
1 824—6 

effect of temperature on, 1S30 
fatty acids from, 1S33, 1S3S-9 
gasoline from, 1799-802, 1S20, 1828-9, 1S33-G 
induction period in, 1 S3 1-2 
industrial development, 1SOO-S 
lubricating oil from, 1800, 1802, 1835-8 
manufacture of gas for, S72-3, 1646-7, 1659, 
1802, 1804, 1806-14 

nature of products from, 1797-800, 1S02, 

IS 24— 9, 1833-9 

paraffin from, 1801-2, 1S26-9, 1S33-6 
reaction mechanism, 179S-9, 1830-3 
two-stage operation, 1S33-4 
Hydrochloric acid, extraction of coal by, 592-3 
from carbonization of coal, 1358 
in ammoniacal liquor, 1384 
Hydrocyanic acid, see also Cyanogen 
analytical procedures for determination, 1124 -5 
bacterial oxidation, 1123 
behavior in Thylox process, 975 
concentration in carbonization gases, 10S8 
conversion to ammonia, 995-6, 1030-1, 1070, 
1120-3 

corrosive action, 10S3-6 
distribution in gasworks, 10S7-8 
effect on Forrox process, 973 
effect on nickel sulfur-recovery process, 972-3 
efficiency of absorption in sulfocyanide process, 
1111 

formation from ammonia, 1014-6 
formation from pyridine, 1016 
from high-tcmpcrature carbonization, 474-5, 
943, 1011, 1018-20, 1358 
from low-temperature carbonization, 1016-9, 
1358 

in coal gas, 92S, 932, 942-3, 1008 
in light oil, 1139, 1142, 1148 
in producer gas, 1050 

physicochemical properties, 1119 20, 1148 
properties of aqueous solutions, 1116 
reactions with iron compounds, 1090—1 
removal from gas with hydrogen sulfide, 943, 
966, 9S4, 987-8, 994-5 

suspensions of iron oxide for removal of, 1096 
toxicity, 1087 

Hydrogen, a primary product of pyrolysis of coal, 
771 

cost of production, 1840 
from blue gas, 17X8-21 

from reaction of steam with iron, 1814, 1853 
in coal gas, 929-33, 1253, 1357 
purification, 1720-1 

removal from coal gas, 1244-7, 1720, 1811 
solubility in products from hydrogenation of 
coal, 1772-3 

Hydrogen chloride, see Hydrochloric acid 
Hydrogen cyanide, see Hydrocyanic acid 
Hydrogen peroxide, action on coal, 355 
Hydrogen sulfide, catalytic oxidation, 996, 1070-1 


Hydrogen sulfide, corrosion due to, 957 
electrolytic oxidation, 97 3 
in coal gas, 928-30, 932, 944-5, 947-9, 1253, 
1358 

in light oil, 1139, 1142, 1149, 1162 
in producer gas, 1648 

oxidation to sulfur, by activated carbon, 969 
by iron oxide, 960, 964, 971 
by sulfur dioxide, 997 
properties, 956, 1149 

removal by liquids, see Liquid purification of 
gas 

removal by solids, see Dry purification of gas 
removal from ammoniacal liquor, 1464-5 
removal from gas, 926, 959-1002, 1060-72 
removal from light oil, 1200-1 
removal of traces of, from gas, 998 
sulfuric acid manufacture from, 958, 90S, 1072 
tests for, 951-3 
toxicity, 957 
utilization, 99 S 

Hydrogenation, of coal, 377-417, 1750-84, 1791- 
6, 1840-5 

by alkali formates, 378, 393, 395, 1750 
by carbon monoxide, 378 
by hydriodic acid, 377-8, 394, 1750 
by hydrogen under pressure, ammonia from, 
480, 1774 

bases from, 379-81, 393, 400, 1779-80, 
17S2 

catalysts for, 1751-3, 1755, 1761-75 
design of plant for, 1791-6 
Diesel oil from, 1780 
dissipation of heat in, 1776 
economics, 1840—5 
effect of agitation in, 1761-2 
effect of catalysts in, 17G1-9, 177S 
effect of contact time in, 1775—7 
effect of pressure in, 1775-9 
effect of rank of coal on, 394-6, 1757-9, 
1781-2 

effect of temperature in, 1772-6 
effect of type of coal on, 387-91, 1757-9 
effect of vehicle on, 17G1— 3 
flow diagrams for, 1752-3 
gas evolution in, 410-2, 1774—7 
gasoline from, 1780-1, 1785 
hydrogen absorption in, 1775-6, 1781-2 
industrial development, 1751-7 
lubricating oil from, 1780-1 
mechanism of, 397-417, 1762, 1773-5 
nature of oils from liquid-phase, 1779-84 
neutral oils from, 379-86, 1779-83 
phenols from, 379-83, 398, 400, 1779-83 
pretreatment of coal for, 1759-60 
rate of hydrogen 'absorption in, 401-5 
rate of liquefaction in, 404-8, 1773-4 
rate of oxygen removal in, 403, 408-10, 
1773-4 

use in classification, 73 
of tar, 1784-96, 1840-5 
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Explosion pressures of gases, 1279-81 
Extraction of coal, acid, 455-8, 592-3 
solvent, see Solvent extraction of coal 

Faserlcohle, see Fusain 
Fatty acids, see also individual acids 
synthesis, 1797, 1833, 1838-9 
Feld process, of gas purification, 442, 970, 992-3, 
997, 1060-3, 1106, 1113 
of tar recovery, 1320-1 
Feldspar, 23, 488 

as flux for coal-ash slag, 532 
Ferrox process, 443, 971-3, 1113-4 
Fiat producer, 1667 
Fireclay brick, 816-8 
physical properties, 817 

Fischer-Tropsch process, see Hydrocarbon syn- 
thesis 

Float-and-sink testing, 574 
Flocculation of coal slurry, 593-8 
Flow of gas, in coke ovens, 204, 854-5, 922-3, 
1155 

through beds of broken solids, 1504, 1512, 1646 
Flue gas, equipment for cleaning, 1498 
sulfur recovery from, 443-4 
Fluoranthene, from carbonization of coal, 1370 
from hydrogenation of coal, 383, 1780 
in coal tar, 1340-1 
purification, 1342-3 
uses, 1343 

Fluorene, from carbonization of coal, 1368' 
from hydrogenation of coal, 383, 1780 
in coal tar, 1326-7, 1335, 1338 
purification, 1338 
uses, 1339 

Fluorspar as flux for coal-ash slag, 532-3 
Fluxes for reduction of viscosity of coal-ash slag, 
531-3, 550 

Fly ash, from pulverized-coal firing, 1561-2 
in smoke, 1498 

slagging of heating surfaces by, 561-5, 571 
Formation of coal, see also Origin of coal 
biochemical stage, 9-12, 28 
cellulose-lignin controversy on, 11-2, 367 
colloidal chemical stage, 12-4 
dynamochemical stage, 9, 14-9 
influence of minerals in, 24 
metamorphic stage, 9, 14-9, 28 
peat stage, 9-12 
pressure factor in, 17-9, 40 
temperature in, 15-9, 40 
time factor in, 17, 28 

Formic acid, from alkali fusion of coal, 420 
from carbonization of coal, 1360 
in ammoniacal liquor, 1384-5 
synthesis, 1838 
Foundry coke, S64-71 
Friability of coal, see Coal, friability 
Froth flotation of coal, behavior of clay in, 590 
behavior of pyrite in, 590 
effect of pH in, 590 
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Froth flotation of coal, influence of coal rank 
on, 590-1 

processes for, 5S2— 3 
reagents used in, 588-91 
separation of coal types by, 591 
theory, 5S8 

Fuel beds, see Combustion of coal 
Fuel cells, 1568-85 

air electrodes for, 1581-4 
Baur’s, 1577 

carbon anodes for, 1570-3 
direct, 1568-73 
economics, 15S4-D 
elevated pressure operation, 1573 
energy relations in, 1508-9, 1574 5 
indirect, 1573-81 
Jacques’, 419, 1570 
mechanism of operation, 1569 
operating on dissolved reaction products, 
1580-1 

operating on gaseous reaction products of coal, 
1575-S0 
Reed’s, 1572 

with diffusion electrodes, 1576, 1578 
with solid electrolytes, 1579 80 
Fuel Process Co. process, 581 
Fuel ratio, 50—1 

Fulvo acids from oxidation of coal, 3-17-8 
Fumaric acid from oxidation of coal, 366 
Fundamental jelly, 9 
Fungi, in coal, 117, 119, 121-2 
in formation of coal, 9 
Furfural, extraction of coal by, 733 
Furfuryl alcohol, extraction of coal by, 738 

Fusain, 5-6, 22-3, 27, 29, 33 4, 88, 94 6, 114 5. 

118 

alkaline permanganate oxidation, 375 

ash composition, 490 

electrical conductivity, 320 

electrostatic separation, 320 

friability, 150-1 

halogen absorption by, 342 

hydrogenation, 387-8, 390, 395, 1758 

in anthracite, 16 

mineral matter in, 489 

nitrogen in, 451 

origin, 19-21 

porosity, 833 

rate of oxidation, 350, 052 8 
selective flotation, 591 
solvent extraction, 721, 754 5 
sulfur in, 427 

Fusibility of coal ash, 496 527 
Fusinite, 96, 98, 99 
hydrogenation, 1758 
ce Fusain 

Garnet, 23, 488 

Gas conditioning, 936, 1250-X 

Gas from carbonization of coal, ammonia in, 

I Ammonia 
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Gas from carbonization of coal, ammonia re- 
moval from, 926, 975, 992-8, 1031-80 
byproduct recovery from, 926, 947-1231 
carbon monoxide removal from, 1247—8 
combustion data on, 823 
composition, 927-46 
effect of coal moisture on yield of, 857 
effect, of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 843-7, 
858 

effect of temperature on composition, 842, 1295 
effect of temperature on yield of, 840-1, 843-7, 
1295-6, 1299-301 
ethanol recovery from, 1243-5 
ethylene recovery from, 1242-5 
for bright annealing, 956, 1285 
for controlled furnace-atmospheres, 1281-5 
for drying of ink, 1285 
for flame hardening, 1285 
for gas turbines, 1286 
for heating, see Combustion of coal gas 
for heat-treatment of steel, 955, 1282-5 
for lighting, 1252 
for melting glass, 955 
for open-hearth furnaces, 955-6 
for production of inert atmospheres, 1285 
formation, 921-3 

hydrogen recovery from, 1244-7, 1853 
hydrogen sulfide removal from, 926, 959-1002, 
1060-72 

indene removal from, 1241-2 
light-oil recovery from, 926, 1136-231 
naphthalene removal from, 1232-41 
nitric oxide removal from, 1249-50 
refrigeration for recovery of constituents, 
1243-7 

removal of nitrogen compounds from, 1008- 
135 

removal of sulfur compounds from, 947-1007 
styrene removal from, 1241-2 
tar removal from, 926 
typical analyses, 927, 1253 
variation in composition during coking, 930 
water vapor removal from, 1250-1 
Gas Machinery Co. process, 1735 
Gas producers, see also A.Y.G. producer ; Chap- 
man producer ; etc. 
ash removal from, 1635-40, 1662-3 
capacities, 1587 
classification, 1659—69 
coke for, 872, 915 

composition of gases in fuel beds of, 1613, 
1616 

efficiency, 1629-30, 1638 
factors controlling operation, 1627-9 
fuel factors in, 1644-6, 1668-70 
fundamental reactions in, 1587-010, 1693-5 
graphical representations of conditions in, 
1018-21 

high-speed operation, 1640-3 
kinetics of reactions in, 1589-610 


Gas producers, mechanical, 1586—7 

operation under pressure, 1631-2, 1661 
rates of gasification in, 1667 
steam decomposition in, 1614—8, 1625—7, 

1706-9 

structure of fuel beds in, 1611-2, 1614, 1616, 
1627 

suction producers, 1661 
sulfur balance in, 1648 
theory of operation, 1610-29 
thermodynamic data for reactions in, 1587-9 
typical operating results, 1669-72 
use of carbon dioxide in blast of, 1643 
use of catalysts in, 1634 
use of oxygen in, 1629-35, 1716-7, 1748-9 
use of preheated blast in, 1612-3, 1634, 1643-4 
vehicular, 872-4, 1642, 1656-7, 1667-9, 1672 
Gas purification, see Dry purification of gas ; 

Liquid purification of gas 
Gas scrubbing, in mechanical washers, 1187-90, 
1237, 1239 

in static washers, 1185-7 
in towers, 11S3-5, 1236-8 
theory, 11G5-73 
Gas turbine, 1286 

Gasification, see also Gas producers ; Producer 
gas ; Synthesis gas ; Water gas 
of pulverized coal, 1747-9 
Gasol, 1S27, 1829, 1833-4 
Gasoline, see also Petroleum distillates 
from hydrogenation of coal, 1780-1, 1785 
from hydrogenation of tar, 1785-91 
Geocerinic acid from extraction of coal, 697 
Geologic age of coal, 26 
Georgs Marienhiitte producer, 1638 
Germanium in coal tar, 1357 
Girbitol process, 990-1 
GlansTcohle, sec Coal, bright 
Glover-West producer, 1054 
Glueosides from extraction of pent, 085 
Gluud’s combination process, 993-4 
Gohin -Poulenc producer, 1640, 1042, 1662, 1 66 8 1) 
Goldschmidt channel, 1157-8 
Goutal’s formula, 141 
Graham-Stedts producer, 1667 
Grates, clinkering on, 548-54, 1497 
erosion, 554-5 

temperature of slag adhesion to, 555 
G rebel- Vel ter indicator, 1272 
Grin dab ility, 73, 83, 151-9 
Groundmass, see Attritus 
Guaiacol, extraction of coal by, 738 
from carbonization of coal, 1366 
in ammoniaeal liquor, 1383 
Guillaume producer, 1667 
Guyaquilite, 742 
Gypsum, 485, 487-8, 572 3 

for ammonia recovery, 1057 60, 1073 

H value of coal, 64 
Hairpin-flue coke oven, 794, 796 -7 
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Hydrogenation, of tar, catalysts for, 1767-72, 

1785, 17SS 90 

design of plant for, 1701—0 
Diesel oil from, 1701-2 
eco num i os, 1 840-0 
effect of contact time in, 1787 
effect of hydrogen : tar ratio in, 1780 7 
effect of pressure in, 1785-0 
effect of temperature in, 1785-0 
gasoline from, 1785-91 
hydrogen absorption in, 1 785-0 
neutral oil from, 1788- 91 
tar acids from, 1789, 1791 
tar bases from, 1789, 1791 
Hydroquinone from carbonization of coal, 1807 
Hydro- Separator, 577 

1- Iydrotator, 577-8 

Hydroxyallobetiminol from extraction of coal, 
695 

Hydroxyanthraeene from carbonization of coal, 
1869 

2- Hydroxybiplienylerie oxide from carbonization 

of coal, 1369 

7-Hydroxycoumarone from carbonization of coni, 
1365 

2-Hydroxyfluorone from carbonization of coal, 
1369 

4- and 5-Hydroxyhydrindene from carbonization 
of coal, 1366 

2-Hydroxyphenanthrene from carbonization of 
coal, 1370 

Hymatomelanic acid, from oxidation of coal, 357 
from peat, 685 

Hypobromite, action on coal of, 360, 364 
t Hypochlorite, action on coal of, 364 

Igneous intrusions in formation of coal, 17-8, 40 
Ignition of coal, see also Spontaneous combustion 
of coal 

correlation -with solubility in pyridine, 752 
in fuel beds, 1508-10 

in pulverized-coal firing, 1526, 1544, 1547-9 
influence of moisture on, G19 
kinetics, 1520 

methods of determination, 601 
on chain-grate stokers, 1487 
Ignition velocity of gases, 1269-70 
Illite, 494-5 

Illuminants in coal gas, 927-8, 930, 939-41, 1253 
Imbert producer, 1667 
Improved Equipment coke oven, 794 
Impurities in coal, see Cleaning of coal; Coal 
ash ; Mineral matter in coal ; Sulfur in 
coal 

Indene, from carbonization of coal, 1363 
from hydrogenation of coal, 1783 
hydrogenolysis, 415 
in coal gas, 931, 941-2, 1241 
in coal tar, 1326 
in heavy solvent naphtha, 1153 
in light oil, 941, 1141, 1146-7, 1326 
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Indene, influence on benzol refining of, 1144, 
1204 

physical properties, 1147 
polymerization, 942 
removal from gas, 1241-2 
Indole, 460 

from carbonization of coal, .1366 
from hydrogenation of tar, 1783 
in high-temperature tar, 472-3, 1354 
Inflammability, of coal dust, 1549-50 
of gases and vapors, 1275-9 
Inhibitors of gum formation in motor benzol, 
1204 

Iodic acid, action on coal, 300 
losene from extraction of coal, 693 
Iron bacteria, 429 

Iron oxide, addition to coal for carbonization, 
1024, 1026 

as flux for coal-asli slag, 532 
for purification of gas, addition of catalysts 
to, 965 

alkaline suspensions of, 971-3, 993, 1090- 
103, 1113-4 
briquets of, 967-8 
chemical characteristics, 965, 1090 
fouling of, 966, 1080, 1090-2 
mixtures with wood shavings, etc., 001, 0G6, 
1090 

oxidation of hydrogen sulfide by, 900 
physical characteristics, 963, 965, 90S, 1090 
recovery of sulfur from, 968 
revivification, 964 5 
spent, analysis of, 1093 
Iron oxide purification of gas, 411, 959-69 
alkalinity control in, 963-4 
at elevated pressures, 968 
bacteria in, 966 
boxes for, 961-2 
gas velocities in, 962 
humidity control in, 963 
oxygen requirements for, 960-1, 964 
removal of hydrocyanic acid in, 108 8 4) 
rotation of boxes in, 961 
sulfur accumulation in, 961-2 
temperature control in, 963 
thiocyanate formation in, 1092 
Thyssen-Lenze towers for, 901, 96(5-8 
Isobutane in coal gas, 929, 931, 938 
Isobutanol, extraction of peat by, 682 
Isobutene in coal gas, 931 

Isobutylacetylene from carbonization of coal, 
1359 

Isodurcne, from carbonization of coal, 1364 
in heavy solvent naphtha, 1153 
in light oil, 1147 
physical properties, 1147 
Isohomocatechol, from carbonization of coal, 
1365 

in ammoniacal liquor, 1385 
Isononane, synthesis of, 1798 

Volume II, pages 921-1868. 



SUBJECT INDEX 


xci 


Isophthalic acid from oxidation of coal, 365-6, 
372 

Isopropanol, extraction of coal by, 737 
extraction of peat by, 6S2 
Isopropylaeetylene from carbonization of coal, 
1358 

Isopropylbenzene, in light oil, 1145-6 
physical properties, 1146 
4-Isopropylidenecyclohexanone from extraction of 
coal, 694 

isopseudocumenol from carbonization of coal, 
13G5 

Isoquinoline, 461, 466 

extraction of coal by, 751 
from carbonization of coal, 1360 
from hydrogenation of coal, 479, 1783 
in high-temperature tar, 471, 473, 1352 
in peat tar, 470 

recovery from crude pyridine, 1134 
IT diagram, 1515 

Jacques fuel cell, 419, 1570 
Jai/etj 41 
Jigs, 575-6 

Kaolin, 487-8, 572-3 
Kaolinite, 23, 485, 487-9, 494-5, 505 
Katasulf process, 969, 995-7, 1006-7, 1070-1 
“Kero” bases, 461-6 

Knowles coke oven, Sll ; see*also Curran-Knowles 
coke oven 

Knublauch process, 1096-9 
Koela producers, 1661-2, 1667 
Kogasin, 1800, 1833-4, 1836-7, 1844 
Ivoller producer, 1666 

Ivoppers-Becker coke oven, 794, 796, S00-4 
Ivoppers cross-regenerative coke oven, 785, 788- 
90 

Ivoppers dephenolization process, 1452-4 
Ivoppers double-divided coke oven, 790-3 
Ivoppers-Kerpoly producer, 1658, 1666 
Ivoppers producer, 1635, 1645, 1647, 174S 
Koppers recirculation coke oven, 832 
Ivoppers steam-decomposition meter, 1708 
Koppers-von Aekeren continuous vertical coke 
oven, 808-10 

Krilmer-mill firing of coal, 1539 
Kyanite, 23, 488 

Lames claires , 5-6 
Lane process, 1814 
Larry cars for coke ovens, 779-80 
Lea-Nurse method, 152, 882 
Lenze process, 1235 
Lepidine, 461, 466 
Lessing process, 581 
Tjeucoline, see Quinoline 
leveling bar for coke ovens, 779 
Light oil, see also Benzol ; Toluol, etc. 
analytical procedures for, 1231 
carbon disulfide in, 945, 1139, 1141-2, 1149, 
1162 


Light oil, commercial distillates, 1149-54 
composition, 939-40, 1136, 1139-50 
effect of rate of heating on yield of, 843-7, 
1155 

effect of steaming on yield of, 1027 
effect of temperature on composition, 1293 
effect of temperature on yield of, 841, 843-7, 
1155, 1295— 6 j 1299-301 
formation, 1154-8 
in coal gas, 929, 1136, 1253 
in coal tar, 1326 
low-temperature, 1140 
methods for increasing yields of, 1156—8 
nomenclature, 1140-1 

paraffin hydrocarbons in, 938, 1141, 1143-5. 
1147 

physical properties of constituents, 1146-9 
production of, in United States, 1136-9 
pyridine in, 1132, 1144, 1148 
pyridine recovery from, 1132, 1148, 1207, 

1221-2 

thiophene in, 946, 1141, 1143-4, 1149, 1156 
yields, 940, 1136 

Light-oil recovery from gas, 926, 1136-7, 1139, 
1158-98 

by simple condensation, 1159-60 
eresol for, 1182 

dependence on wash-oil circulation, 1168—72 
dependence on wash-oil temperature, 1170, 
1173-4 

mechanical washers for, 1187-90 
petroleum oils for, 1175-6 
plant practice in, 1191-7 
sludge formation in, 1176-7 
static washers for, 11S5-7 
tar oils for, 1176, 1178-82 
tetralin for, 1182-3 
tower scrubbers for, 1183-5 
with liquid absorbents, 1164-98 
with solid adsorbents, 11G0-4 
Light-oil refining, 1136, 1198-231 
acid sludge recovery in, 1206 
activated carbon in, 1222 
activated clay in, 1222 
carbon disulfide removal in, 1.201-2, 1227-8 
chlorides for, 1223 
continuous plant for, 1212-20 
deodorization of products of, 1212 
emulsion troubles in, 1208 
ferric sulfate in, 1221 
fractional distillation of, 1198-220 
fuller’s earth in, 1222 
Gray process for, 1222 
halogen acids for, 1223 
halogens for, 1222 
hydrogenation methods, 1224-5 
oxidation methods, 1223-4 
removal of paraffins in, 1212 
semi-continuous plant for, 1199-212, 1219 
silica gel in, 1221 
solid adsorbents in, 1221-2 
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Light-oil refining, still residues from, 1211--2 
sulfuric acid in, 1198-9, 1204-6, 1217, 1220-1 
thiophene removal in, 1228-31 
Ufer process for, 1208-9 
use of inhibitors in, 1198, 1204 
Lignin, action of aqueous alkali on, 420 
hydrogenation, 396 
in formation of coal, 10-2 
in peat, 6S5 
oxidation, 366 
Liignoprotein complexes, 455 

Lime, for activating coke, 1023-4, 1026, 1649, 
1702 

for ammonia distillation, 1034, 1389, 1391-2 
for cyanogen recovery, 1095-6, 1110 
for dry purification of gas, 959, 965, 1089 
for purification of ammoniacal liquor, 1468 
Limestone for fluxing coal-ash slag, 532-3, 1637 
Limits of inflammability of gases and vapors, 
1275-9 

Limonite, 487-8 
Liptobioliths, 7-8 
Liquid-phase gum, 941, 1241 

Liquid purification of gas, absorption-desorption 
processes for, 9S2-92 
Alkacid process for, 991 

alkaline suspensions of iron oxide for, 971-3, 
993, 1096-103, 1113-4 
ammoniacal liquor for, 959, 970-2, 975 
Bueb process for, 1097, 1103-6 
Burkheiser process for, 970, 993, 997, 1003-5, 
1113 

calcium ferrocyanide process for, 1101-3 
C.A.S. process for, 442, 994-5, 1069-70 
cyanogen removal in, 1109, 1117-9 
diaminopropanol for, 990 
othanolamines for, 990-1 

Feld process for, 442, 970, 992-3, 997, 1060-3, 
1106, 1113 

Ferrox process for, 443, 971-2, 1113-4 
Girbitol process for, 990 

Gluud’s combination process for, 993-4, 1067- 
8 

Hultman and Pilo process for, 1000 
Katasulf process for, 969, 995-7, 1006-7, 
1070-1 

Knu blanch process for, 1096-103 
milk-of-lime for, 959, 1095-6, 1110 
miscellaneous processes for, 992 
Nickel process for, 443, 971-3 
organic bases for, 990-1 
Petit process for, 1000, 1113 
phenolate process for, 991 
Pieters process for, 973 
Seaboard soda process for, 984-6, 1112-3 
Staatsmijnen-Otto process for, 973 
steam actification in, 988-91 
thionate process for, 992-3, 1062-3, 1069-71, 
1113 

Thylox process for, 973-81, 1114; see also 
Thylox process 
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Liquid purification of gas, tripotassium phos- 
phate for, 991 

use of nonferrous salts in, 1106 9 
vacuum carbonate process, 985, 987 8 
Loess process, 580 1 
Low-differential coke oven, 794 
Low-temperature carbonization, 774 5, 812 4 
analysis of gas from, 928 9 
applicability to American industry, 812 3 
economics, 813-4 
Hayes process, 818 
tar from, 1291, 1293, 1290 801 
Wisner process, 818 

Lurgi producer, 1681-2, 1684-5, 1646-7, .1668 1 
1069, 1811 

Lutidine, extraction of coal by, 785 
from hydrogenation of coal, 1782 
in coal gas, 982, 944 
in high-temperature tar, 472, 1326 
2,0-Lutidine, in coal gas, 11.31 
in coal tar, 1351 
purification, 1351. 

Lymn-Rainbnsh grate, 1692 

Macerals, 95-6, 98, 105 
Magnesium carbonate, 487 

Magnesium chloride, addition to coal for carboni- 
zation, 1024 
Magnetite, 48S 
Malbay producer, 1667 

Maleic acid from oxidation of coal, 360, 860 
Manganese dioxide for dry purification of gas, 
966 

Marcasite, 23, 480, 487, 445, 487, 495 
Marisclika producer, 1666 
Ifattkohle, see Coal, dull 
M.B.I. process, 580 
Melanoids, 452, 455 

Melcne, from carbonization of coal, 1868 
from extraction of coal, 743 
in vacuum tar, 764 

Melisslc acid from extraction of coal, 099 
Mellitic acid, from oxidation of coal, 72, 300-0, 
369, 371-5, 714 

from oxidation of coke, 368-71, 906 
Melloplianic acid from oxidation of coal, 872 
Menzies cone, 577-8 

Mer cap tans, see also individual compounds 
absorption by wash oil, 1004 
from carbonization of coal, 446, 982, 1)45 0 
in coal gas, 945-6, 949-50 
physical properties, 1002 -3 
removal from light oil, 1201 
tests for, 954 
Mercury in coal tar, 1357 
Mesitol from carbonization of coal, 1365 
Mesitylene, extraction of peat by, 682 
from carbonization of coal, 1362 
from extraction of coal, 713 
in coal gas, 931, 940 
j in light oil, 1146 
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Mositylcne, physical properties, 1146 
Mesityl oxide, extraction of coal by, 733 
Metallic soaps for removal of traces of hydrogen 
sulfide, 998 

Methane, formation in gasification, 1606-8, 1709 
in coal gas, 927, 929-31, 937, 1253, 1357 
oxidation, 1812-3, 1852-3 
reaction with ammonia, 1014-6 
Methanol, extraction of coal by, 721 
extraction of peat by, 682 
from carbonization of coal, 1359 
in aminoniacal liquor, 13S3, 1386 
purification, 1855-6 
synthesis, 1846-68 
apparatus for, 1851-5 
catalysts for, 1816-7, 1851, 1856-68 
pressure range for, 1S47 
process patents on, 1851 
production of gas for, 1718-21, 1S51-3 
purification of gas for, 1853-4 
temperature range for, 1847 
thermal decomposition, 1856-66 
Methanol equilibrium, 1S48-51 
Methyl acetate, extraction of peat by, 6S2 
Methylacridine in peat tar, 470 

1- Methylallene from carbonization of coal, 1358 
Metliylaniline, extraction of coal by, 735 
Mothylanthracene, from extraction of coal, 744 

from hydrogenation of coal, 383, 1780 
in coal tar, 1341 

2- Methylantliracene from carbonization of coal, 

1369 

Methyl benzoate, extraction of coal by, 738 

0- Methylbenzoic acid from carbonization of coal, 

1367 

1- and 2-Methylbutn diene from carbonization of 

coal, 1358-9 

Methylbutane from carbonization of coal, 1358 
Mcthylearbazole in coal tar, 1341 

2- and 3-Methylcarbazole, from carbonization of 

coal, 1309 

in high -temperature tar, 473 
Methyl comnarone in light oil, 1148 

3- , 4-, 5-, and 0-Mothylcoumarone from carboni- 

zation of coal, 1363-4 
Methyl cyanide, see Acetonitrile 
Methyleyelohexane, from carbonization of coal, 
1360 

from hydrogenation of coal, 1779, 1784 
from hydrogenation of tar, 1790 
in light oil, 1144, 1147 
physical properties, 1147 
Methyleyclopentyldihydrometliylpyridine, 462 
1-Methyldeealin from carbonization of coal, 1364 

3- and 4-Mcthyldiplienyl from carbonization of 
coal, 13(57 

Methyldiphenylamine, extraction of coal by, 735 
1- and 2-Methyldiphenylene oxide from carboni- 
zation of coal, 1368 
Methyldiaulfide in coal gas, 947 


Methylethylacetylene from carbonization of coal, 
1359 

.Methyl ethyl ketone, extraction of coal by, 737 
from carbonization of coal, 1359 
in ammoniacal liquor, 1386 
in light oil, 1143, 1147 
physical properties, 1147 

4-Methyl-2- and 3-ethylpyridine in peat tar, 470 
Methylfluorene from hydrogenation of coal, 383 
2- and 3-Metliylftuorene from carbonization of 
coal, 1368 

Methyl lieptyl ketone from carbonization of coal, 

1363 

4-Methylhydrindene from carbonization of coal, 

1364 

Methylindene in light oil, 1147 
4-Methylindene from carbonization of coal, 13G4 
Methyl indole in ammoniacal liquor, 1386 
2-, 3-, 4-, 5-, and 7-Methyl indole, from carboni- 
zation of coal, 1367 
in high-temperature tar, 471-3 
Methyliso cyanide from carbonization of coal, 
1359 

4- Metliyl-3-isopropylpyridine in peat tar, 470 

1- and 3-Methylisoquinoline, from carbonization 
of coal, 1366 

in high-temperature tar, 473, 1352 

5- and 7-Metliylisoquinoline, from carbonization 

of coal, 1367 

in liigh-temperature tar, 472 

6- Methylisoquinoline from carbonization of coal, 

1367 

Methyl mercaptan, from carbonization of coal, 

1358 

in coal gas, 932, 947 
in light oil, 1142, 1149 
physical properties, 1002-3, 1142, 1149 
Mcthylnaplitlmlene, from hydrogenation of coal, 
383 

hydrogenolysis, 413-5 
in coal gas, 931, 940 
in coal tar, 1326, 1336-7 
in heavy solvent naphtha, 1153 
uses, 1336-7 

1- and 2-Methylnaphthalene, from carbonization 

of coal, 1360 
in coal tar, 1326-7, 1335 
purification, 1336 

Methylnonylcarbinol from carbonization of coal, 

1365 

2- and 3-Metliylpentnne from carbonization of 

coal, 1359 

2-Metliyl-2,3-pcntene from carbonization of coal, 

1359 

Methyl pentosans from extraction of 
1-, 3-, and 9-Methylplienanthrene 
tion of coal, 1369 
Methylpropylacetylene from carl 
1300 

Methyl a-propyl ketone from 
coal, 1360 
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Llglit-oil refining, still residues from, 1211—2 
sulfuric acid in, 1198-9, 1204-6, 1217, 1220-1 
thiophene removal in, 1228-31 
Ufer process for, 1208-9 
use of inhibitors in, 1198, 1204 
Lignin, action of aqueous alkali on, 420 
hydrogenation, 396 
in formation of coal, 10-2 
in peat, 685 
oxidation, 366 
Lignoprotein complexes, 455 

Lime, for activating coke, 1023-4, 1020, 1G49, 
1702 

for ammonia distillation, 1034, 1389, 1391-2 
for cyanogen recovery, 1095-6, 1110 
fox dry purification of gas, 959, 965, 1089 
for purification of ammonia cal liquor, 1468 
Limestone for fluxing coal-ash slag, 532—3, 1637 
Limits of inflammability of gases and vapors, 
1275-9 

Limonite, 4S7-S 
Liptobiolitlis, 7-8 
Liquid-phase gum, 941, 1241 

Liquid purification of gas, absorption-desorption 
processes for, 982-92 
Alkacid process for, 991 

alkaline suspensions of iron oxide for, 971-3, 
993, 1096-103, 1113-4 
ammoniacal liquor for, 959, 970-2, 975 
Rueb process for, 1097, 1103-6 
Burkheiser process for, 970, 993, 997, 1063-5, 
1113 

calcium ferrocyanide process for, 1101—3 
C.A.S. process for, 442, 994-5, 1069-70 
cyanogen removal in, 1109, 1117-9 
diaminopropanol for, 990 
othanolamines for, 990—1 

Fold process for, 442, 970, 992-3, 997, 1060-3, 
1106, 1113 

Ferrox process for, 443, 971-2, 1113-4 
Girbitol process for, 990 

Gland's combination process for, 993-4, 1067- 
8 

Hnltman and Pilo process for, 1000 
Katasulf process for, 969, 995-7, 1006-7, 
1070-1 

Knublaueh process for, 1096-103 
milk-of-lime for, 959, 1095-6, 1110 
miscellaneous processes for, 992 
Nickel process for, 443, 971-3 
organic bases for, 990-1 
Petit process for, 1000, 1113 
phenolate process for, 991 
Pieters process for, 973 
Seaboard soda process for, 984-6, 1112-3 
Sfnatsmijnen-Otto process for, 973 
steam notification in, 988-91 
th Innate process for, 992-3, 1062-3, 1069-71, 
1113 

Thylox process for, 973-81, 1114 ; see also 
Thylox process 


Liquid purification of gas, tripotassium phos- 
phate for, 991 

use of uonferrous salts in, VI (Ml 9 
vacuum carbonate process, 9 So, 987 8 
Loess process, 5S0-1 
Low-differential coke oven, 791 
Low- temperature carbonization, 774 5, 812 I 
analysis of gas from, 928 9 
applicability to American industry, 812 3 
economics, SI 3-4 
Hayes process, SI 3 
tar from, 1291, 1293, 1296 804 
Wisner process, 813 

Lurgi producer, 1631-2, 1034-5, 1616 7, 1668 1 
1669, 1811 

Lutidino, extraction of coal by, 78,5 
from hydrogenation of coal, 1782 
in coal gas, 932, 944 
in high-temperature tar, 472, 1826 
2,6-Lutidine, in coal gas, 1181 
in coal tar, 1351 
p u r i fi ca t i o 1 1 , 18 5 1 
Lymn-Rambush grate, 1692 

Macerals, 95-6, 98, 105 
Magnesium carbonate, 487 

Magnesium chloride, addition (o coal for carboni- 
zation, 1024 
Magnetite, 48S 
Malbay producer, 1667 

Maleic acid from oxidation of coal, 860, 366 
Manganese dioxide for dry purification of gas, 
966 

Marcasite, 23, 430, 487, 445, 487, 495 
Marischka producer, 1666 
Mattkohle, see Coal, dull 
M.B.I. process, 580 
Melanoids, 452, 455 

Melcne, from carbonization of coal, 1868 
from extraction of coal, 743 
in vacuum tar, 764 

Melissic acid from extraction of coal, 699 
Mellitic acid, from oxidation of coal, 72, 860 6, 
369, 371-5, 714 

from oxidation of coke, 308 -71, 906 
Mellophanic acid from oxidation of coal, 372 
Mcnzies cone, 577 8 

Mercaptans, see also individual compounds 
absorption by wash oil, 1004 
from carbonization of coal, 446, 932, 945 6 
in coal gas, 945-6, 949 50 
physical properties, 1002 3 
removal from light oil, 1201 
tests for, 9 54 
Mercury in coal tar, 1357 
Mesitol from carbonization of coal, 1 365 
Mesitylene, extraction of peat by, 682 
from carbonization of coal, 1362 
from extraction of coal, 713 
in coal gas, 931, 940 
in light oil, 1146 « 
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Mesitylone, physical properties, 1146 
Mesityl oxide, extraction of coal by, 733 
Metallic soaps for removal of traces of hydrogen 
sulfide, 5)08 

Methane, formation in gasification, 1606-8, 1709 
in coal gas, 927, 929 31, 937, 1253, 1357 
oxidation, 1812-3, 1 852-3 
reaction with ammonia, 1014-0 
Methanol, extraction of coal by, 721 
extraction of peat by, 082 
from carbonization of coal, 3359 
in ammoniacal liquor, 3 383, 1386 
purification, 1855 - 6 
synthesis, 3 840-08 

a p i > a ra t u s f o r, 3 S 5 1 5 
catalysts for, 3 8 10 7, 1851, 1850 08 
pressure range for, 3 847 
process patents on, 3 851 
production of gas for, 1718-23, 3 851 3 
purification of gas for, 3 853-4 
temperature range for, 1847 
therm a 1 decorn i >os i t ion , 3 850-00 
Methanol equilibrium, 3848-51 
Methyl acetate, extraction of peat by, (582 
Metliyliicrldinc in peat tar, 470 

1- Mothylnllene from carbonisation of coal, 1358 
Methylaniline, extraction of coal by, 735 
Met.hylanthracene, from extraction of coal, 734 

from hydrogenation of coal, 383, 17S0 
in coal tar, 3 341 

2- Methyhuithracene from carbonization of coal, 

1309 

Methyl l)enzoate, extraction of coal by, 738 

0- Methylbenzoie acid from carbonization of coal, 

1307 

1- and 2-Methylbntadiene from carbonization of 

coal, 1358-9 

Methylbutane from carbonization of coal, 1358 
Methylearbazole in coal tar, 1341 
2~ and o-Methylcnrbazole, from carbonization of 
coal, 1309 

in high- temperature tar, 473 
Methyl coumarone in light oil, 1148 

3- , 4-, 5-, and 6-MethyIeoumnxone from carboni- 

zation of coal, 1303-4 
Methyl cyanide, see Acetonitrile 
Methylcyclohexane, from carbonization of coal, 
1300 

from hydrogenation of coal, 1779, 1784 
from hydrogenation of tar, 1790 
in light oil, 1144, 1147 
physical properties, 1147 
Methylcydopentyldihydromcthylpyridlne, 402 
l-Methyldeealln from carbonization of coal, 1304 
3* and 4-Mothyldiphenyl from carbonization of 
coal, 1307 

Methyldiphenylamlne, extraction of coal by, 735 
1- and 2-Mcthyldiphenylene oxide from carboni- 
zation of coal, 1368 
Methyldisulfide In coal gas, 947 


Methylethylacetylene from carbonization of coal, 
3.359 

.Methyl ethyl ketone, extraction of coal by, 737 
from carbonization of coal, 1359 
in ammoniacal liquor, 1386 
in light oil, 1143, 13.47 
physical properties, 1147 

4-Methyl-2- and 3-cthylpyridine in peat tar, 470 
Metliylfluorene from hydrogenation of coal, 383 

2- and 3-Mcthylfluorene from carbonization of 
coal, 1308 

Methyl lieptyl ketone from carbonization of cool, 

1303 

4-Methylhydrindene from carbonization of coal, 

1304 

Mothylindene in light: oil, 1147 
4-Metliyliudene from carbonization of coal, 1304 
Methyl indole in. ammoniacal liquor, 1380 
2-, 3-, 4-, 5-, and 7-Methylindolc, from carboni- 
zation of coal, 1367 
in high-temperature tar, 471-3 
Methylisocyanide from carbonization of coal, 
1359 

4- Methyl-3-isopropylpyridino in peat tar, 470 

1- and 3-Methylisoquinoline, from carbonization 
of coal, 1366 

in high-temperature tar, 473, 1352 

5- and 7-Methylisoquinoline, from carbonization 

of coal, 1367 

in high-temperature tar, 472 
G-Methylisoquinoline from carbonization of coal, 
1307 

Methyl mercaptan, from carbonization of coal, 

1358 

in coal gas, 932, 947 
in light oil, 1142, 1149 
physical properties, 1002-3, 1142, 13 49 
Methylnaphthalene, from hydrogenation of coal, 
383 

liydrogenolysis, 413-5 
in coal gas, 931, 940 
in coal tar, 1326, 1336-7 
in heavy solvent naphtha, 1153 
uses, 1330-7 

1- and 2-Methylnaphthalcne, from carbonization 

of coal, 1366 
in coal tar, 1326-7, 1335 
purification, 1336 

Methylnonylearbinol from carbonization of coal, 

1305 

2- and 3-Metliylpentane from carbonization of 

coal, 1359 

2-Me thy 1-2, 3-pen tene from carbonization of coal, 

1359 

Methyl pentosans from extraction of peat, 685 
1-, 3-, and 9-Methylphenanthrene from carboniza- 
tion of coal, 1369 

Metliylpropylacetylene from carbonization of coal, 

1360 

Methyl w-propyl ketone from carbonization of 
coal, 1360 
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Methylpyrone from hydrogenation, of coal, 383, 
1780 

Methylpyridine, in high-temperature tar, 471 
in light oil, 1145 

2- Mo thylpyrid ine, 406 

in ammoniacal liquor, 470 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

3- Metliylpyridine, in high-temperature tar, 473 
in light oil, 1148 

physical properties, 1148 

4- Mothylpyridine, 4(56 

in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470 
physical properties, 1148 
Methylquinoline, fractionation, 1352 
in peat tar, 470 
uses for, 1354 

2- Methylquinoline, 461, 466 
extraction of coal by, 735 
from carbonization of coal, 13(56 
from hydrogenation of coal, 479, 1779 
in high-temperature tar, 473, 1352 

in low-temperature tar, 470—1 

3- , 4-, 5-, 6-, 7-, and 8-Methylquinoline, from car- 

bonization of coal, 1366-7 
in high-temperature tax-, 472-3, 1352 
Methyl salicylate, extraction of coal by, 738 
Methyl sulfide in coal gas, 932 
Methylthionaplithene from carbonization of coal, 
1366 

Methylthiophene, in coal gas, 947 
in light oil, 1144 

2- and 3-Methylthiophene, from carbonization of 
coal, 1360 
in light oil, 1149 
physical properties, 1149 
p-Methyl tolyl ketone from carbonization of coal, 
1365 

Micronite, 99, 102 

Micum tumbler test, 883, 886-90 

Middletonite, 742 

Mid-temperature carbonization, 775 
Milk-of-lime for purification of gas, 959 
Mine water, acid content of, 430 
Mineral charcoal, see Fusain 
Mineral matter in coal, see also Coal ash 
composition, 23-4, 486-93 
effect on classification, 62-5 
effect on rate of oxidation of coal, 641 
extraction, 65, 455-8, 592-3 
occurrence, 485-6 
origin, 22—4, 493 
removal, 485, 583-6, 589 
X-ray investigation, 332-3 
Mvroitantes 'brillianteSj 5 

Mixed solvents, extraction of coal by, 692, 694, 
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704-5, 708-9, 729, 731-3, 735, 751, 1761, 
1776 

Mixed solvents, extraction of peat by, 679-81, 
688 

Moisture in coal, 600 -26 

comparison of methods of determination, 605-7 
direct methods of determination, 603-5 
effect on briquetting, 623—6 
effect on bulk density, 620-2, 853-4 
effect on carbonization, 623, S22, 848, 850 -7 
effect on combustion, 619-20 
effect on dielectric constant, 602 
effect on electrical conductivity, 319 
effect on grindability, 620 
effect on specific gravity, 313 
effect on specific heat, 324, 608 
effect on thermal conductivity, 323 
effect on X-ray diffraction, 334 5 
heat of absorption, 675 
heat of vaporization, 618-9 
indirect methods of determination, 601 3 
mechanism of retention of, 608-15 
quantitative determination, 600--8 
role in coalifieation, 61.5 
use in classification, 61-2, 016-7 
Mond process, 475, 477, 1028-30 
a- and j3-Monomethylnaphthalouo, see 1- and 
2-Methylnaphthalene 
Montan wax, composition, (596 -700 
distillation, 696-7 
from extraction of coal, 691.-2 
from pyropissite, 692 
oxidation, 695-6 
properties, 692-3, 695 7 
resin content, 692-3 
saponified tion , 695 
uses, 691 

Montanic acid, chemical structure, 697—700 
from moil tan wax, 696-7 
Montanone from extraction of coni, 696 
Morpholine, extraction of coal by, 738 
Motor benzol, see Benzol 
Multibasie coal charts, 54, 66-8 
Muscovite, 23, 487-8, 505 
Myricyl alcohol from extraction of coal, 698 

Naphthacene, from carbonization of coal, 1309 
in coal tar, 1341 

Naphthalene, crystallization, 1333 

deposition in gas distribution systems, 1233 
effect of temperature on yield of, 1295, 1300 
extraction of coal by, 735, 737-8 
fouling of oxide boxes by, 966 
from carbonization of coal, 1365 
from hydrogenation of coal, 1780 
hydrogenolyais, 413-4 
in coal gas, 931, 1232-3 
in heavy solvent naphtha, 1153 
in light oil, 940, 1141, 1146-7 
in pure ammonia liquor, 1401 
percentage in tar, 1323-4, 1326-7 

Volume II, pages 921-1868. 



SUBJECT INDEX 


xcv 


Naphthalenes physical properties, 1147 

production statistics in United States, 1330 
removal from coal gas, 1232-41 
toxicity, 1417 
typical yields, 1309 
uses, 1329-33 

Naphthenes, from extraction of coal, 743-4 
from hydrogenation of coal, 1781, 1783-4 
from hydrogenation of tar, 1785, 1790 
from vacuum distillation of coal, 743-4 
in light oil, 1144-5 

in tar, effect of temperature on yield of, 1295, 
1297-301 

synthesis, 179S, 1833 

Naphtho-2',3'-l, 2-anthracene from carbonization 
of coal, 1370 

a- and 0-Naphthofurane from carbonization of 
coal, 1307 

Naphthol, extraction of coal by, 751 
n-Naphthol, extraction of coal by, 738 
from carbonization of coal, 1307 
jS-Naplithol from carbonization of coal, 136S 
1- and 2-Naphtlionitrile, from carbonization of 
coal, 1308 

in high-temperature tar, 473 
Naphthylamine, from hydrogenation of coal, 1783 
in liigh-temperature tar, 472 
1- and 2-Naphthylamine, from carbonization of 
coal, 1308 

in liigh-temperature tar, 473 
National producer, 1021, 1043 
Nedelmann trommel test, 889 
Neumann reversal reaction, 1599 
Nickel oxide for purification of gas, 970 
Nickel sulfur- recovery process, 443, 971-3 
Nicotinic acid from oxidation of coal, 359, 479 
Niggerlieads (coal balls), 80, 427, 429, 495 
Nitric acid oxidation of coal, 347, 349, 355, 359, 
361-2, 309 

Nitric oxide, in coal gas, 931, 936-7 
in light oil, 1102 
removal from gas, 906, 1249-50 
p-Nitroaniline, extraction of coal by, 751 
Nitrobenzene, extraction of coal by, 738, 751 
Nitrogen, in bone coal, 1008 
in coal, 450-84 

behavior on combustion, 477-8 
determination, 451, 468-9, 1009, 1018 
distribution of, in carbonization products, 
407-77, 1008, 1010-8 
in chlorination products, 480-1 
in gasification products, 477 
in hydrogenation products, 479-80, 1011 
in hydrolytic products, 481 
in vacuum distillation products, 459-61, 
1010 

extraction by acids, 456-7, 1010 
extraction by solvents, 458-9, 1010 
occurrence, 450-1, 1008 
origin, 451-4, 1009-10 
resistance to oxidation, 478-9 


Nitrogen, in coal, similarity to nitrogen in pe- 
troleum, 401-7 
variability, 450-1, 457 
volatile, 46S-9, 474 

in coal gas, 927, 929-31, 933-4, 1008, 1018-20, 
1253, 1357 

in coke, 474-6, 478, 4S1-4, 101S-20, 1026 
removal, by heat, 481-3 

by hydrogen treatment, 483, 1024-7 
by steaming, 475, 477, 482, 1025-7 
in peat, 1008-9 
in petroleum, 461-7 
in tar, 1018-9 
in wood, 451, 1009 

Nitrous oxide in producer gas, 1649—50 
Nonacosane from carbonization of coal, 1309 
Nonadecane from carbonization of coal, 1368 
Nonane, synthesis, 1798 
n-Nonane from carbonization of coal, 1361 
Nonylene from carbonization of coal, 1361 
Normal banded coal, 5, 7-9, 85-6, 89-90 

Octacosane from carbonization of coal, 1368 
Octadecane from carbonization of coal, 1368 
Octane, from carbonization of coal, 1360 
synthesis, 1798 

a-Octane, from carbonization of coal, 1360 
in light oil, 1144, 1147 
physical properties, 1147 
Octene from carbonization of coal, 1360 
Oil shale, origin, 21 

Oil treatment of coal, for carbonization, 856, 
1156-7 

for dustproofing, 598-9, 623 
Olefins, see also individual compounds 
from hydrogenation of coal, 1781, 1783 
from hydrogenation of tar, 1785 
in light oil, 1143-5, 1147, 1295 
in tar, 1295, 1297-301 
oxidation to acids, 1839 
synthesis, 1797-8, 1825, 1838-5 
Oleic acid from extraction of coal, 704 
Olein, extraction of coal by, 751, 755 
Opaque attritus, 6, 29-30, 33-4, 88, 102 
hydrogenation of, 3S7-91, 395, 1758 
Organic sulfur, absorption by wash oil, 1004 
analysis of gas for, 953-4 

conversion to hydrogen sulfide, 1005-6, 1816-7 
conversion to sulfur dioxide, 1006-7, 1816 
in coal, see Sulfur in coal, organic 
in coal gas, 947—50 

removal from gas, 1003-5, 1720, 1799, 1815-8 
sulfided lime for removal from gas, 1003 
Origin of coal, see also Formation of coal 
allochthonous theory, 3-4 
lignin-cellulose controversy over, 11-2 
McKenzie Taylor theory, 10 
peat-swamp theory, 3-11 
transportation theories, 3-4 
Ott burner, 1272 

, Otto coke oven, 783, 794, 796, 798-9 
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Otto-Hoffmann coke oven, 783, 785 
Otto-Wilputte coke oven, 797 
Ougree-Marihaye process, 581 
Overfeed burning, 901-4 
Oxahumins, 749 

Oxalic acid, from alkali-fusion of coal, 419 
from carbonization of coal, 1303 
from oxidation of coal, 360-6, 36S-9, 372-5, 
713 

in ammoniacal liquor, 13S4 
Oxidation of coal, see also Oxidized coal 
activation energy, 643, 645, 1520 
benzene from products of, 362-3 
by acid chlorate, 359-60 
by acid chromate, 359 
by acid permanganate, 339-40, 359-GO 
by alkaline permanganate, 71, 349, 355, 367- 
76 

by Caro’s acid, 360 
by chlorine dioxide, 360 

by gaseous oxygen, 347, 349, 355, 364-7, 636- 
56, 1519-20 

by hydrogen peroxide, 355 
by hypobromite, 360, 364 
by hypochlorite, 364 
by iodic acid, 360 

by nitric acid, 347, 349, 355, 359, 361-2, 369 
by ozone, 361 
by sulfuric acid, 359 
carbon monoxide formation in, 349 
characteristic rate, 641, 648-9, 658 
dependence of rate on particle size, 639-40, 
645-7 

effect of ash on rate, 641 
effect of oxygen concentration on rate, 648 
effect of temperature on rate, 642-5 
effect on agglutinating properties, 668-9, 860 
effect on analysis, 669-70 
effect on carbonization, 662, 668, 813-4, 854, 
859-62 

effect on extraction by solvents, 754 

electrolytic, 355 

fluorene from products of, 362 

heat developed by, 658-61 

humic acid formation in, 349-57, 654, 671 

in acid media, 358-63 

in alkaline media, 363-75 

influence of moisture on rate, 052 

mechanism, 653-6 

naphthalene from products of, 362 

peroxide formation in, 348 

rate, 636-56, 1519-20 

soluble acid formation in, 357-76 

stages, 346-7 

surface, 346-9 

Oxide boxes, see Iron oxide purification of gas 
Oxidized coal, adsorption of bases by, 348 

carbonization, 632, 635, 662-8, 673-4, 813-6, 
854, 859-62, 1023 
combustion, 630, 674 
hydrogenation, 394 
ignition of, 661 


Oxidized coal, moisture absorption by, 632 

plastic properties, 173, ISO, 190, 195, 200, 
206-S, 211-2, 216, 219, 222-7, 292-4 
sulfates in, 428, 430 

Oxygen, for enrichment of producer blast, 1629- 
35 

in coal gas, 929-31, 934, 1253, 1357 
Ozone, action on coal, 861 

oxidation of ammoniacal liquor by, 

Paleobotany, 26, 115-28 
Panliard producer, 1667 

Paraffin hydrocarbons, see also Hydrocarbon syn- 
thesis and individual compounds 
effect of temperature on yield in tar, 1295. 
1297-301 

from hydrogenation of coal, 1780 3 
from hydrogenation of tar, 1785, 1.789 
in coal gas, 928, 931, 938 
in light oil, 938, 1141, 1143 5, 1147 

oxidation to acids, 3838 9 

removal from benzol and toluol, 1212 
synthesis, 1797-839 

Paraldehyde from carbonization of coal, 1360 

Parker-Russell coke oven, 794 

Parr process, S4S 

Peat, acid extraction, 455-7 

action of aqueous alkali on, 419 
ammoniatiou, 1055 
ash content, 493-4 
bases from carbonization, 470, 476 
cellulose in, 685 
formation, 8-10, 494-5 
gasification, 1029-30 
lignin in, 685 
mineral matter in, 493- t 
nitrogen in, 450, 453, 455-7, 474, 470 
solvent extraction, 679 90 
Pennitite, 4SS 

Pentacosanc from carbonization of coal, 1368 
Pentacosoic acid from extraction of coal, 009 
Pentamethylcyelohexane from carbonization of 
coal, 1363 

M-Pentane, from carbonization of coal, 1358 
in light oil, 1142, 1147 
physical properties, 3.147 
toxicity, 1418 

Pentanol, extraction of peat by, 682 
Pentatriaeontane from extraction of peat, 688 
Pentene-1, from carbonization of coal, 1359 
in light oil, 1147 ' 

physical properties, 1147 
Pentene-2 from carbonization of coal, 1358 
Pentosans from extraction of peat, 685 
Perliydroacenaplitheno from carbonization of 
H coal, 1365 

Perhydrodiphenyl from carbonization of coal, 
1365 

Perhydrofluorene from carbonization of coal, 
1365 
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Permanganates, action on coal, in acid media, 
339-40, 359—00 

in alkaline media, 71, 349, 355, 307-70, 
713-4 

Perylene from carbonization of coal, 1370 
Petit process, 1000, 1113 

Petrographic constituents of coal, see Coal types 
Petrography, 27-3S, 80-131 

Petroleum distillates, extraction of coal by, 702, 
704, 714, 755 

extraction of peat by, 0S1-2 
Petrology, see Petrography 

Phenanthradine, from carbonization of coal, 
1309-70 

in high-temperature tar, 473 
Pherianthrene, extraction of coal by, 735 
from carbonization of coal, 130S 
from hydrogenation of coal, 17S0 
in coal tar, 1320-7, 1335, 1339 
purification, 1339-40 
uses, 1340 

4,5-Phenanthrylenemetlmne from carbonization of 
coal, 1309 

Phenetidine, extraction of coal by, 735 
Phenol, see also Phenols 

extraction of coal by, 725, 727, 733-5, 737-8, 
741 

extraction of peat by, 0S4 

from carbonization of coal, 1303 

in ammoniacal liquor, 1381-0, 1445-0 

in coal gas, 932, 942 

in coal tar, 1320-7, 1343-4 

in light oil, 1148 

physical properties, 1148 

production statistics in United States, 1345-0 
toxicity, 1417-8 
uses, 1347-50 

Phenolate process, 441, 443, 991 
Phenols, see also Tar acids and individual com- 
pounds 

biological decomposition, 1419-21 

determination in ammoniacal liquor, 1473-80 

effect of ammonia on vaporization, 1455 

from extraction of coal, 743-7 

from hydrogenation of coal, 379, 1779-83 

from hydrogenation of tar, 1790 

from hydrolysis of coal, 420-3 

from vacuum distillation of coal, 70>3, 771-2 

li y d roge nation, 1770-1 

hydrogen oly sis, 415 

in ammoniacal liquor, 1379-82, 1384-7, 1393, 
1445 

oxidation by chlorine, 1401 
recovery from ammoniacal liquor, 1372 
removal from ammoniacal liquor, 1372, 1442- 
02 

stream pollution by, 1371-3 
toxicity, 1417-8 

Phenyl benzoate, extraction of coal by, 738 
Phenyl ether, extraction of coal by, 738 
Phenyl hydrazine for purification of gas, 091 


2-Plienylnaphtlialene from carbonization of coal, 
1309 

o-Phenyl phenol, extraction of coal by, 737-8 
from carbonization of coal, 1307 
Phenyl salicylate, extraction of coal by, 73S 
Philipon slagging producer, 1587, 103S-9, 1042, 
1601, 1852 

Phosphoric acid for neutralization of ammonia, 
1073, 1410 

Phosphorus, balance in coke-oven operation, 1381 
in ammoniacal liquor, 1381 
in coal pyrite, 439 

removal by coal cleaning, 572-3, 580 
Phthalic acid from oxidation of coal, 365-0, 372, 
714 

Phthalic anhydride, 1330-2 
Phyterals, 98, 105 

Picene, from carbonization of coal, 1370 
from hydrogenation of coal, 383, 1780 
Picoline, extraction of coal by, 735, 753 
from hydrogenation of coal, 1782 
in coal gas, 932, 944 
in high-temperature tar, 472, 1326 
a-Pieoline, in ammoniacal liquor, 1384 
in coal gas, 1131 
in coal tar, 1351, 1361 

recovery from crude pyridine, 1133-4, 1351 
j8-Picoline, from carbonization of coal, 1301 
in coal gas, 1131 
in coal tar, 1351 
purification, 1351 
uses, 1353 

7 -Picolino, from carbonization of coal, 13G1 
in coal gas, 1131 
in coal tar, 1351 
purification, 1351 

Picric acid from oxidation of coal, 362-3 
Pierson producer, 1655 
Pieters process, 973 
Pine oil, extraction of coal by, 733 
Pintscli-Hillebrand producer, 1035, 1044, 1047, 
1608-9, 1748, 1810 
Pintsch producer, 1617 
Piperidine, extraction of coal by, 735 
Pitch, effect of carbonization temperature on 
yield of, 1295, 1298-301 
effect of coal moisture on yield of, 857 
effect of nature of coal on yield of, 1292 
effect of tar distillation temperature on yield 
of, 1321 

oxidation, 370, 374 
percentage of, in tar, 1323-4, 1326 
Pitch coke, 1323-4 
Plant alkaloids in coal, 454-5 
Plastic layer, see Coal, plastic properties 
Plasticity of coal, see Coal, plastic properties 
Plastometer, Davis, 220-1 
Gieseler, 220, 223, 227-8 
Griffen and Storch, 167-8 
Macura, 229-30 
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Polysulfides for removal of carbon disulfide from 
gas, 1004 

Polythionate process, 442 
Porphyrins in coal, 454-5 

Potassium carbonate for purification of gas, 1000 
Pott-Broche process, 709, 729, 731-2, 735, 1761, 
177G 

Preheating of coal, effect on expansion, 252-3, 
255, 259 

effect on plastic properties, 197, 20G-8, 211-2, 
21G, 219, 223, S40, 85G-7 
effect on rate of coking, 839, 848-55 
for carbonization, 6G8, 839-40, 848-59 
Prehnitene from carbonization of coal, 1364 
Prehnitic acid from oxidation of coal, 372, 374 
Preoxidation of coal for carbonization, GG8, 813- 
6, 854, 859-G2 ; see also Oxidation of coal 
Pressures in coke-oven flues, adjustment, 792—4 
survey, 793, 802 
Prochlorite, 487-8 
Producer gas, ammonia in, 1G49 
combustion properties, 1650 
effect of oxygen concentration of blow on com- 
position, 1641-2 

effect of steam : oxygen ratio on composition, 
1634-5 

effect of velocity of blow on composition, 
1640—2 

from pressure operation of producers, 1031-2 
hydrocyanic acid in, 1650 
industrial heating with, 1653-5 
methane formation in, 1606-8 
nitrous oxide in, 1649-50 
sulfur compounds in, 1648-9 
typical compositions, 1648-50 
use in combustion engines, 1655-6 
Producers, sec Gas producers 
Propane, in coal gas, 929, 931, 938, 1253, 1358 
synthesis, 1798 

u-Propanol, extraction of coal by, 737 
extraction of peat by, 682 
Propene, see Propylene 

Propionic acid, from carbonization of coal, 1361 
from oxidation of coal, 361 
in ammoniaeal liquor, 1384, 13SG 
synthesis, 1838 

n-Propyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
Propylacetylene from carbonization of coal, 1359 
Propylbenzene, in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
n-Propylbenzene, from carbonization of coal, 1362 
in light oil, 1146 
physical properties, 1140 
Propylene, in coal gas, 929, 931, 939, 1253, 1358 
synthesis, 1798 
Proteins, in coal, 455, 457 
in formation of coal, 12, 451-3 
in humic acids, 455 

Proto cn technic acid from oxidation of coal, 360 
Pro-vitrain, 95 
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Pseiidociimene, from carbonization of coal, 1362 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1146 
physical properties, 1146 
Pseudoeumenol from carbonization of coal, 1365 
Pulverized-coal combustion, set? Combustion of 
pulverized coal 
Pulverized-coal engine, 1540 
Pulverizers, development of, 1533-7 
efficiency of commercial, 135 
factors affecting capacity, 157-9 
Purification of gas, see Dry purification of gas; 

Liquid purification of gas 
Pushing machines for coke ovens, 781 
Pyrene, from carbonization of coal, 1870 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-2 
pyrifieation, 1342-3 
uses, 1343 

Pyridine, absorption by base-exchange materials, 

1057 

absorption by coal, 175, 213, 753 

analytical procedures for determination, 1135 

complex salts of, 1134 

composition of crude, 1131, 11,38 4 

conversion of its limnologs to, 1.185 
determination in ammoniaeal liquor, 1469-70 
extraction of coal by, 175, 671, 705, 715, 724, 
727, 733, 785, 73S, 748-4, 748-58 
fractionation of crude, 1131, 1133-4 
from carbonization of coal, 101G-7, 1020, 1360 
from hydrogenation of coal, 1780, 1782 
from oxidation of coal, 478 9 
from pyrolysis of vacuum tar, 1016 
in ammonia still waste, 1120-7 
in ammoniaeal liquor, 470, 1384, 138G 
in ammonium sulfate, 1046-7, 1052, 1126 
in coal gas, 932, 944, 1008, 1021, 1125-0 
in liigh-temperatiire tar, 471-3, 1021, 1126, 
132G-7, 1350 

in light oil, 1132, 1144, 1148 

in low-temperature tar, 468, 470-1, 1016 

in peal: tar, 470 

in producer gas, 1080 

in spent oxide, 1185 

in vacuum tar, 1016 

in water gas, 1030 

mechanism of formation in carbonization, 
1010-7 

partial pressure over sulfuric acid, 1128 
* physical properties, 1148 
pyrolysis, 1016 
recovery from coal tar, 1351 
recovery from gas, 1128-31 
recovery from light oil, 1132, 1148, 1207, 
1221-2 

Pyridineearboxylic acids from oxidation of coal, 
359, 478-9 

Pyridine sulfate, 1046-7 
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Pyrite, 23, 485, 487—0, 404 -5 ; sec also Sulfur in 
coal, pyritic 
arsenic in, 439 

behavior in froth flotation, 590 

effect on clinker formation, 5GG-8 

influence on rate of oxidation of coal, 649-52 

rate of oxidation, C51 

recovery, 438-40 

removal by coal cleaning, 572-3, 5S6 
utilization, 439 

Pyrocatecliol from hydrogenation of coal, 17S0 
Pyroca technic acid from alkali-fusion of coal, 
419 

Pyromellitic acid from oxidation of coal, 359, 
362—3, 306, 372, 374 
Pyropissite, montan wax from, 092 
Pyroretine, 742 
Pyrrliotite in coke, 445 
Pyrrole, extraction of coal by, 735 
in high- temperature tar, 471-3, 1361 
in light oil, 1145, 1148 
physical properties, 1148 

Quartz, 23, 487-8, 505 
Quinaldine, see 2-Methylquinoline 
Quinol in ammon ia cal liquor, 1385 
Quinoline, extraction of coal by, 735, 738, 751, 
753 

from carbonization of coal, 13G5 

from hydrogenation of coal, 479, 1779, 1783 

in coal gas, 1131 

in high-temperature tar, 471--3, 132G-7, 1350, 
1352 

in low- temperature tar, 470-1 
in peat tar, 470 
uses, 1353-4 

Rate of coking, dependence of yields of carboni- 
zation products on, S34, 83S-9, 843, 858, 
1022 

dependence on flue temperatures, 834-5 
dependence on oven width, 834-5 
effect of hulk density of coal on, 850, 852 
effect of moisture content of coal cm, 850-2 
effect, of preheating coal on, 839, S4S-55 
in byproduct ovens, 781, 834— 6 
in cylindrical retorts, 836 
in electrically heated ovens, 811 
in sole-lieuted ovens, 807 
influence cm coke quality of, 852, 858 
Rational analysis of coal, 752 
Reactivity, of coal, 702, 902-4 
of coke, see Coke, reactivity 
Reed fuel cell, 1572 

Refractories, slagging of, 554-61, 571, 1495, 1562 
Refractory screen carburettor, 1736 
Residuum ■, 97, 99 

Resin amines in ammoniacal liquor, 1384 
Resin ite, 98 

Resinoic acids in ammoniacal liquor, 1384 
Resinolic acids in ammoniacal liquor, 1384-5 


Resins, see Coal resins 

Resorcinol, from carbonization of coal, 1367 
in ammoniacal liquor, 1383, 1385 
Retene, from carbonization of coal, 1370 
from hydrogenation of coal, 382-3, 17S0 
Reussinite, 742 
Rheolaveur, 575-7 
Rittinger’s law, 151 
Road tars, 1323-4 
Roberts-Morrisey coke oven, 794 
Robinson-Bindley process, 1801, 1804, 1834 
Rochester Gas and Electric Corporation’s test 
burner, 1273 

Rosin, extraction of coal by, 733 
Rosin-Rammler size-distribution function, 149, 
SS0, 1560 
Rosthornite, 742 
Rustic producer, 1667 
Rutile, 23, 487-8 

Sabatier producer, 1667 
Sagam producer, 1667 
Saltcake as flux for coal-ash slag, 532 
Sampling, of coal, 878-9, 1500 
of coke, 878-9 
Sapropeliths, 7-8 
Sauvageot producer, 1666 
Schniewind coke oven, 784, 786 
Schungite, 72, 362 
Scliwaller producer, 1000 

Schweitzer’s reagent, extraction of peat by, 684 
Scloretinite, 742 

Seaboard process, 9S4-C, 1112-3 
Selenium oxychloride, action on coal, 705 
Semet-Solvay coke oven, 785, 787, 789, 794 
Semet-Solvay ignition arch process, 1736 
Semet-Solvay reverse-flow water-gas machine, 
1739-41 

Semi-coke, see also Disco 
for blast furnaces, 813 
for domestic fuel, 813 
• for gas producers, 813, 873 
for reduction of zinc ore, 813 
reactivity, 873, 900, 916 
substitution for low-volatile coal, 775, 814 
Semifusinite, 99 

Semisplint coal, 30-1, 33-4, 36, 89-90 
Sericite, 494 

Shale, rate of oxidation, 638, 640-3 
Shape factors of coal and coke, 882 
Shatter test, for coal, 148-9 
for coke, 8S3-6 

Sheffield drum abrasion test, 887-8 
Sheffield swelling test, 194-7, 871, 908 
Siderite, 488, 495 
Siemens producer, 1654 

Silica, addition to coal for carbonization, 1024 
in coal, 487 
Silica brick, 816-8 

physical properties, 817 
Silica gel, for ammonia recovery, 1057 
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Poly sulfides for removal of carbon disulfide from 
gas, 1004 

Polythionate process, 442 
Porphyrins in coal, 454-5 

Potassium carbonate for purification of gas, 1000 
Pott-Broclie process, 709, 729, 731-2, 735, 1761, 
1776 

Preheating of coal, effect on expansion, 252-3, 
255, 259 

effect on plastic properties, 197, 206-8, 211-2, 
21C, 219, 223, 840, 856-7 
effect on rate of coking, 839, 848-55 
for carbonization, 668, 839-40, 848-59 
Prehnitene from carbonization of coal, 1364 
Frelmitic acid from oxidation of coal, 372, 374 
Preoxidation of coal for carbonization, 668, 813- 
6, 854, 859-62 ; see also Oxidation of coal 
Pressures in coke-oven flues, adjustment, 792—4 
survey, 793, S02 
Prochlorite, 487-8 
Producer gas, ammonia in, 1649 
combustion properties, 1650 
effect of oxygen concentration of blow on com- 
position, 1641-2 

effect of steam : oxygen ratio on composition, 
1634-5 

effect of velocity of blow on composition, 
1640-2 

from pressure operation of producers, 1631-2 
hydrocyanic acid in, 1650 
industrial heating with, 1653-5 
methane formation in, 1606-8 
nitrous oxide in, 1649-50 
sulfur compounds in, 1648-9 
typical compositions, 1648-50 
use in combustion engines, 1655-0 
Producers, sec Gas producers 
Propane, in coal gas, 929, 931, 938, 1253, 1358 
synthesis, 1798 

n-Fropanol, extraction of coal by, 737 
extraction of peat by, 682 
Propene, see Propylene 

Propionic acid, from carbonization of coal, 1361 
from oxidation of coal, 301 
in ammoniacal liquor, 1384, 1386 
synthesis, 1838 

n-Propyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
Proxiylacetylene from carbonization of coal, 1359 
Propylbenzene, in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
n-Propylbenzene, from carbonization of coal, 1362 
in light oil, 1146 
physical properties, 1146 
Propylene, in coal gas, 929, 931, 939, 1253, 1358 
synthesis, 1798 
Proteins, in coal, 455, 457 

in formation of coal, 12, 451-3 
in humic acids, 455 

Protoeatechuic acid from oxidation of coal, 360 
Pro-vitrain, 95 


Pseudocumene, from carbonization of coal, 1362 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1146 
physical properties, 1146 
Pseudocumenol from carbonization of coal, 1365 
Pulverizcd-eoal combustion, scd Combustion of 
pulverized coal 
Pulverized-coal engine, 1540 
Pulverizers, development of, 1583-7 
efficiency of commercial, .135 
factors affecting capacity, 157-9 
Purification of gas, sec Dry purification of gus ; 

Liquid purification of gas 
Pushing machines for coke ovens, 781 
Pyrene, from carbonization of coni, 1370 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-2 
pyrification, 1342-3 
uses, 1343 

Pyridine, absorption by base-exchange materials, 
1057 

absorption by coal, 175, 213, 753 
analytical procedures for determination, 1135 
complex salts of, 1134 
composition of crude, 1131, 1133-4 
conversion of its homologs to, 1185 
determination in ammoniacal liquor, 1469-70 
extraction of coal by, 175, 071, 705, 715, 724, 
727, 733, 735, 73S, 743-4, 748-58 
fractionation of crude, 1131, 1133-4 
from carbonization of coal, 1016-7, 1020, I860 
from hydrogenation of coal, 17S0, 1782 
from oxidation of coal, 478 9 
from pyrolysis of vacuum tar, 1016 
in ammonia still waste, 112(5—7 
in ammoniacal liquor, 470, 1384, 1386 
in ammonium sulfate, 1040-7, 1052, 1120 
in coal gas, 932, 944, 1008, 1021, 11 25-0 
in liigli-temperuture tar, 471 8, 1021, 1126, 
1326-7, 1350 

in light oil, 1132, 1144, 1148 

in low-temperature tar, 468, 170 1, 1016 

in peat tar, 470 

in producer gas, 1080 

in spent oxide, 1135 

in vacuum tar, 101(5 

in water gas, 1030 

mechanism of formation in carbonization, 
1016-7 

partial pressure over sulfuric acid, 1128 
* physical properties, 1148 
pyrolysis, 1016 
recovery from coal tar, 1351 
recovery from gas, 1128-31 
recovery from light oil, 1132, 1148, 1207, 
1221-2 

Pyridinecarboxylic acids from oxidation of coal, 
359, 478-9 

Pyridine sulfate, 1046-7 
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Pyrites 23, 485, 487—9, 494—5 ; see also Sulfur in 
coal, pyritie 
arsenic in, 439 

behavior in froth flotation, 590 

effect on clinker formation, 5G6-8 

influence on rate of oxidation of coal, 649-52 

rate of oxidation, 051 

recovery, 438-40 

removal by coal cleaning, 572-3, 580 
utilization, 439 

Pyroeatechol from hydrogenation of coal, 17S0 
Pyroca technic acid from alkali-fusion of coal, 
419 

Pyromellitio acid from oxidation of coal, 359, 
302—3, 300, 372, 374 
Pyropissite, montan wax from, 092 
Pyroretine, 742 
Pyrrliotite in coke, 445 
Pyrrole, extraction of coal by, 735 
in high-temperature tar, 471-3, 1301 
in light oil, 1145, 1148 
physical properties, 1148 

Quartz, 23, 4S7-S, 505 
Quinaldine, sec 2-Methylqumolme 
Quinol in ammoniacal liquor, 13S5 
Quinoline, extraction of coal by, 735, 738, 751, 
753 

from carbonization of coal, 1305 

from hydrogenation of coal, 479, 1779, 1783 

in coal gas, 1131 

in high-temperature tar, 471-3, 1320-7, 1350, 
1352 

in low-temperature tar, 470-1 
in peat tar, 470 
uses, 1353-4 

Kate of coking, dependence of yields of carboni- 
zation products on, S34, 838-9, 843, 858, 
1 022 

dependence on flue temperatures, 834-5 
dependence on oven width, 834-5 
effect of hulk density of coal on, 850, 852 
effect of moisture content of coal on, S50-2 
effect of preheating coal on, 839, 848-55 
in byproduct ovens, 781, 834—0 
in cylindrical retorts, 830 
in electrically heated ovens, 811 
in sole-heated ovens, 807 
influence on coke quality of, 852, 858 
Rational analysis of coal, 752 
Reactivity, of coal, 752, 902-4 
of coke, see Coke, reactivity 
Reed fuel cell, 1572 

Refractories, slagging of, 554—61, 571, 1495, 1562 
Refractory screen carburettor, 1730 
Residuum , 97, 99 

Resin amines in ammoniacal liquor, 1384 
Resinite, 98 

Resinoie acids in ammoniacal liquor, 1384 
Resinolic acids in ammoniacal liquor, 1384-5 


Resins, see Coal resins 

Resorcinol, from carbonization of coal, 1367 
in ammoniacal liquor, 1383, 1385 
Retene, from carbonization of coal, 1370 
from hydrogenation of coal, 382-3, 1780 
Reussinite, 742 
Kheolaveur, 575-7 
Rittinger’s law, 151 
Road tars, 1323-4 
Roberts-Morrisey coke oven, 794 
Robinson-Bindley process, 1801, 1804, 1834 
Rochester Gas and Electric Corporation’s test 
burner, 1273 

Rosin, extraction of coal by, 733 
Rosin-Rammler size-distribution function, 149, 
880, 1560 
Rostliornite, 742 
Rustic producer, 1067 
Rutile, 23, 4S7-S 

Sabatier producer, 1007 
Sagam producer, 1667 
Saltcalce as flux for coal-ash slag, 532 
Sampling, of coal, 87S-9, 1500 
of coke, 878-9 
Sapropelitlis, 7-8 
Sauvageot producer, 1666 
Scliniewind coke oven, 784, 7S6 
Schungite, 72, 362 
Scliwaller producer, 1606 

Schweitzer’s reagent, extraction of peat by, 684 
Scloretinite, 742 

Seaboard process, 984-6, 1112-3 
Selenium oxychloride, action on coal, 705 
Semet-Solvay coke oven, 7S5, 787, 789, 794 
Semet-Solvay ignition arch process, 1736 
Scinet-Solvay reverse-flow water-gas machine, 
1739-41 

Semi-coke, see also Disco 
for blast furnaces, 813 
for domestic fuel, 813 
• for gas producers, 813, S73 
for reduction of zinc ore, 813 
reactivity, S73, 900, 916 
substitution for low-volatile coal, 775, S14- 
Semifusinite, 99 

Semisplint coal, 30-1, 33-4, 36, 89-90 
Sericite, 494 

Shale, rate of oxidation, 038, 640-3 
Shape factors of coal and coke, 882 
Shatter test, for coal, 148-9 
for coke, 883-6 

Sheffield drum abrasion test, 887-8 
Sheffield swelling test, 194-7, 871, 908 
Siderite, 488, 495 
Siemens producer, 1654 

Silica, addition to coal for carbonization, 1024 
in coal, 487 
Silica brick, 816-8 

physical properties, 817 
Silica gel, for ammonia recovery, 1057 
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Silica gel, for catalytic oxidation of hydrogen 
sulfide, 995 

for dry purification of gas, 969 
for gas conditioning, 1251 
for light-oil recovery, 1163-4 
for naphthalene removal from gas, 1241 
for refining motor benzol, 1221 
Simon-Carvds coke oven, 783-4 
Simonellite, 695 
Skatole in peat tar, 470 
Slag, see Coal-ash slags 
Slagging producers, 1633, 1636-40, 1669 
Slag-tap furnace, 1528-9 

effect of viscosity of slag on operation, 529-33 
temperatures in, 1546 

Smoke from combustion of coal, as a limitation 
on fuel-burning capacity of furnaces, 
149 7-S 

as an index for classification of coal, 76 
Sodium acid sulfate for neutralization of am- 
monia, 1054 

Sodium carbonate, addition to coal for carboni- 
zation, 1024 

Sodium hydroxide, addition to coal for carboni- 
zation, 1024 
aqueous, 419-24, 481 

extraction of coal by, 733 
extraction of peat by, 684 
Sodium peroxide method, 431 
Sodium silicate as flux for coal-ash slag, 554 
Solvent extraction, of coal, 68-9, 458-9, 677- 
760 ; see also Coal extracts and individual 
solvents 

by mixed solvents, 692, 694, 704-5, 708-9, 
731-3, 735, 751, 1761 
correlation with coking properties, 755-60 
depolymerization in, 709-10, 741, 1701, 1764 
effect of acid treatment on, 702 
effect of after-heating on, 728-30 
effect of hydrostatic pressure on, 702 
effect of moisture on, 701, 750 
effect of oxidation on, 671, 732-3, 754 
effect of particle size on, 711, 718-25 
effect of preheating on, 701-2, 727-30 
effect of rank of coal on, 690, 713, 715-7 
effect of solvent in, 721, 732-41, 747, 753, 
1761 

effect of temperature on, 708-9, 723, 725-6, 
731-2, 737-40, 745-7 

nature of products from, 677, 690-5, 703-4, 
706, 712, 715-8, 741-52, 17G1 
rate, 709-10, 718, 723, 725-6, 729 
ultimate yield in, 723-4 
variables in, 678, 707 
of peat, 679-90 

by mixed solvents, 679-81, 688 
effect of moisture on, 683 
nature of products from, 679-89 
Solvent naphtha, heavy, see also Light oil 
commercial grades, 1151, 1153-4 
composition, 1141, 1145-6, 1153 
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Solvent naphtha, heavy, in light oil, 940, 1136 
indene in, 941, 1141 
uses, 1153-4 
light, see also Light oil 

composition, 1141, 1145, 1151, 1153 
in light oil, 940, 1136, 1145 
properties, 1153 
styrene in, 941, 1141 
Sophia-Jacoba process, 578 
Specific volatile index, 56 

Spent oxide, see Iron oxide for purification of 
gas 

Splint coal, 29-31, 33- 6, 88-90, 119, 333 
Split volatile ratio, 53 
Sponge coke, 255-6 

Spontaneous combustion of coal, see also S forage 
of coal 

correlation with solubility in pyridine, 752 
dependence on friability of coal, 100, (‘>74 
dependence on storage conditions, 029-36 
economic loss due to, 627-8 
effect of dustproofing on, 599 
effect of mixing coals on, 632, 635 
effect of moisture on, 618, 629, 632 635 

674-5 

effect of pyrites oil, 437-8, 650-2, (574 
evaluation of tendency for, 056 -62, 674 
relation to adsorptive capacity for halogens 
338-9, 348 

Spores, see Coal, spores in 
Springing tar acids, 1344-5 
Staatsmijnen-Otto process, 973 
Staurolite, 23, 4S8 

Steam-carbon reaction, kinetics of, 3 587 1594 -7 
1696-704 

Steam-decomposition motors, 1707 -8 
Steaming in coke ovens, 805, S07, 925, 1027- 31 
Steere formula, 962-3 
Sterols from extraction of coal, 694, 714 
Stevens carbonization process, 320, 774, 811-2 
Still process, 1157 

Stokers, see also Combustion of coal 
chain-grate, 1485-8, 1494 
domestic, 1492-3 
for coke, 872 
locomotive, 1494 

multiple-retort underfeed, 1488 92 
over-feed, 1494 

selection of coal for, 1494- 501 
single-retort underfeed, 1492 4 
spreader, 1494-5 
traveling-grate, 1485-8, 1494 
underfeed, 1488-94 

Storage of coal, 626-76; sec also Oxidation of 
coal ; Oxidized coal ; Spontaneous combo 
tion of coal 
changes during, 628-9 
extent of practice, 627 
for carbonization, 673-4 
importance of ventilation in, 632-5 
in large piles, 629-36, 656-7 
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Storage of coal, procedures recommended for, 
(>30—0, 074 

size degradation in, 072-3 
slacking or weathering, 00-1, 610-7, 072-3 
under water, 030, 034, 073 
Stoter-Tillman channel, .1157 
Stream pollution by ammoniacal liquor, 1371-3 
Strcifenkohle sec Coal, <hill 
Stump air-flow process, 5S2 
Styrene, effect on benzol-relining, 1144, 1204 
from carbonization of coal, 1301 
from hydrogenation of coal, 1783 
in coal gas, 5)31, 941—2, 1241 
in light oil, 941, 1141, 1145, 1147 
physical properties, 11.47 
poly meriza lion, 942 
removal from gas, 1241—2 
Suberinitc, 98 

Succinic acid from oxidation of coal, 300, 302, 
372, 714 

Sulfided lime for removal of carbon disulfide 
from gas, 959, 1003 

Suinte-bisulfite process, 993, 990, 1003-4, 1070-1 
Sulf ocyanide, see Thiocyana tea 
Sulfonation of coal, 359 
Sulfur, from carbonization of coal, 1370 
from extraction of peat, 080 
from partial combustion of hydrogen sulfide, 
999 

in coal, 425 49 

behavior in carbonization, 44S---S, 94S-9 

combustible, 435—0 

determination, 430-0 

effect on clinker formation, 505-8 

effect on coking properties, 427 

loss on storage, 030-1 

occurrence, 425-8, 430-7 

organic, 425 

determination, 435 
distribution, 420 
nature, 420-7 
origin, 428 

retention in coke, 440-7 
pyritie, 425 

determine tion, 434 5 
distribution, 427 

effect on rate of oxidation of coal, 648-9 
effect on spontaneous combustion of coal, 
437 8 

origin, 427 30 
retention in coke, 445-8 
thermal decomposition, 445-6 
removal by coal cleaning, 572—3, 5SG 
retention in coke, 444-8, 948-9 
sulfate, 425, 428 
determination, 434 
origin, 430 

thermal decomposition, 440 
utilization of, 438-44 

in coke, dependence on carbonization tempera- 
ture, 445 


Sulfur, in coke, determination, 430-6 
effect of additions to coal on, 449 
effect on blast-furnace operation, 448-9, 
587-8 

from oxidized coal, 667 
organic, 425 
origin, 444-8 

removal by hydrogen, 447-9 
removal by reaction with gas, 448-9 
solid solution of, 447 
sulfide, 42.5, 43G 
in light oil, 1149 

Sulfur bacteria, 429 

Sulfur balls in coal, 429 ; see also Coal balls 

Sulfur compounds in coal gas ; see also individ- 
ual compounds 

objectionable nature, 947-S, 954-8 
permissible concentrations, 954-6 
removal, 947-1007 
sources, 948-51 

Sulfur dioxide, action on coal, 593, 705 
extraction of coal by, 692, 705 
for ammonium sulfate production, 993-7 
for conversion of thiosulfate to tetrathionate, 
993 

from carbonization of coal, 1358 
oxidation of hydrogen sulfide by, 997-S 
pollution of air by, 425, 947 
removal from stack gases, 443-4, 1372 

Sulfur producers, 1050-1 

Sulfur recovery, from gas, sec also Dry purifica- 
tion of gas ; Liquid purification of gas ; 
Sulfur compounds in coal gas 
from carbonization, 440-3, 95S, 971-81, 

992-5 

from flue gas, 443-4, 1372 
from smelters, 444 
from spent oxide, 968-9, 1093 
in liquid purification of gas, 971-SI, 992-5, 
1062-4, 1067-9 

Sulfuric acid, action on coal, 359 
for gas conditioning, 1251 
removal of ethylene from gas by, 1242-3 
treatment of light oil with, 1198, 1206-9, 1217, 
1220-1 

Superphosphate, ammoniation of, 1072-4 

Surface determination, air-permeability method, 
152, 882 

by screen analysis, 154, 645-6, 880 
in grindability tests, 152 
Lea-Nurse method, 152, 883 

Svedlund producer, 1667 

Swelling of coal, see Coal, swelling properties 

Swelling pressure, see Expansion and expansion 
pressure of coal 

Synthesis gas, see also Hydrocarbon synthesis; 
Methanol synthesis 
composition, 1804, 1806, 1810 
cost of production, 1839-40 
from coke-oven gas, 1811, 1853 
from natural gas, 1812-4, 1852-3 
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Synthesis gas, from solid fuels, 872-3, 1646-7, 
1659, 1802, 1804, 1806-14, 1852-3 
purification, 1003-5, 1720, 1799, 1815-8, 

1853-4 

Synthetic Oils process, 1834 
Syntliol, 1797, 1824 
S/5T.R.C. flotation process, 589 

Tables for cleaning coal, 582 
Tar, absolute viscosity of, 1308-9 

benzene-insoluble matter in, 1309, .1311 
carbon I content of, 1809-12 
carbon II content of, 1809-12 
chemicals from, 1325-70 ; see also individual 
compounds 

commercial products from, 1323-5 
determination of naphthalene in, 1312 
determination of tar acids in, 1312 
distillation, 1320-3 
distillation analysis, 1309, 1311-2 
distribution statistics in United States, 1315 
effect of carbonizing equipment on nature of, 
1302-8 

effect of coal moisture on yield of, 857 
effect of nature of coal on properties, 1291-3, 
1295 

effect of nature of coal on yield of, 1287-91, 
1295 

effect of oxidation of coal on composition, 801 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 
843-7, 858 

effect of steaming on yield of, 1027 
effect of temperature on composition, 1290- 
302 

effect of temperature on yield of, 840-1, 843-7, 
1294-6 

fouling of oxide boxes by, 966 
fractional condensation, 1316-21 
from byproduct coke ovens, 1305-6, 1309, 1313 
from Curran-Knowles process, 1304, 1309, 1313 
from horizontal retorts, 1300—7, 1309, 1313 
from vertical retorts, 1304-5, 1309, 1313 
from Wisner process, 1303-4, 1309, 1312-3 
hydrogenation of, see Hydrogenation of tar 
interference in ammonia recovery, 1032-6 
nitrogen in, 474, 1018-20 
peat, see Peat 

production statistics in United States, 1313-5 
pyridine in, 471-3, 1021, 1126-7 
recovery at coke plants, 1314, 1316-20 
removal from gas, 920 

softening points of distillation residues, 1809, 
1312 

specific gravity, 1303, 1306-9, 1311 
sulfonation factor, 1309, 1312 
temperature susceptibility factor, 1308-10 
thermal decomposition, 839, 1296-302 
typical analyses, 1309, 1326-7 
vacuum, see Vacuum tar 
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Tar acids, see also Phenols and individual com- 
pounds 

effect of nature of coal on yield of, 1292 
effect of temperature on yield of, 1295, 1297- 
301 

from hydrogenation of coal, 1779 83 
from hydrogenation of tar, 1789 91 
hydrogenation, 1786 
percentage of, in tar, 1323—4 
recovery from tar, 1 344-5 
refining, 1345 
springing, 1344-5 
typical yields, 1309 
uses, 1347-9 

Tar bases, see also individual compounds 

effect of temperature on yield of, 1295, 1297 
301 

fractionation, 1352—3 

from liigh-temperature carbonization, 471-7, 
1131 

from hydrogenation of coni, 1779 80, 1782 
from hydrogenation of tar, 1789, 1791 

from low-temperature carbonization, 467 71 

in ammoniaeal liquor, 1879 SO, 1382 (>, 1446 

in coal tar, 401, 1326-7, 1350-4 
in dephenolization of ammoniaeal liquor with 
benzene, 1448-9 
uses, 1353 

Tartaric acid from oxidation of coal, 360 
Telain, 94-5 

Terephthalic acid from oxidation of coal, 369, 
372, 374 

Terpenes from extraction of coal, 693 4, 711 
Terzian factor, 1736-7 

Tetraeosane from carbonization of coal, 1808 
Totracosanol from extraction of coal, 698 
1,2,3,4-Tetrahydrofluoranthenc from en rbonizn- 
tion of coal, 1369 

Tetraliydronaphtlmlcne, see also Tolralin 
as a hydrogenation catalyst, 1772 
equilibrium with naphthalene, 1777 
from carbonization of coal, .1364 
from hydrogenation of coal, 1780, 1784 
from hydrogenation of tar, 1.790 
in light oil, 1147 
physical properties, 1147 
Tetralin, see also Pott-Broche process; Tel ra- 
lly dron aphthaleno 

as wash oil for light-oil recovery, 1182 8 
extraction of coal by, 704- 7, 709, 725 -6, 729 - 
31, 734-5, 788, 744, 746-7, 751, 755-7 
thermal stability of, 730 
2,3,6,7-Tetrametliylanthraccne from carbonization 
of coal, 1369 

Tetramethylbenzones in heavy solvent naphtha, 
1153 

Tetramethylbiplienol from carbonization of coal, 
1368 

Tetramethylpyridine, from hydrogenation of coal, 
1783 

in high-temperature tar, 473 
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Tctramethylpyridine, in low-temperature tar, 
470 

in peat tar, 470 

1.2.3.4- Tetramethylpyridine in high-temperature 
tar, 473 

2.3.4.5- Tetrainetliylpyridine from carbonization of 
coal, 1365 

2,3,4,8-Tetramethylquinoline, 463 
Tetramethylthiopliene from carbonization of coal, 
1363 

Thermal decomposition of coal, see also Carboni- 
zation of coal ; Solvent extraction of coal ; 
Vacuum distillation of coal 
mechanism, 767, 771, 834 
Thermodizing coal, 862 
Thioarsenate for purification of gas, 974-6 
Thiocyanates, see also Ammonium thiocyanate ; 
Cyanogen 

determination in ammoniacal liquor, 1471 
formation in dry purification of gas, 1092 
recovery from ammoniacal liquor, 1094-5, 
1462-3 

recovery from spent oxide, 1094 
removal of cyanogen from gas as, 1109-17 
Thio ethers, see Dimethyl sulfide, etc. 

Thiols, see Mercaptans 

Thionaphthene, from carbonization of coal, 1365 
in light oil, 1149 
physical properties, 1149 
Tliionate process, 992-3, 1062-3, 1069-71, 1113 
Th ionizers, 975-6 

Thiophene, catalytic removal from hydrogen, 
1810-7 

extraction of coal by, 738 

from carbonization of coal, 1360 

in coal gas, 932, 945-7, 949-50 

in light oil, 946, 1141, 1143-4, 1149, 1156 

in wash oil, 1004 

physical properties, 1002, 1149 

removal from light oil, 1228-31 

tests for, 954 

toxicity, 1418 

Thiophenol from carbonization of coal, 1362 
Thiosulfate, see also Ammonium thiosulfate 
conversion to sulfate, 1067-9 
formation in liquid purification of gns, 973, 
975, 9S4, 992-4, 1062-3, 1067 
Thylox process, 443, 973-81, 1114 
chemistry of, 974-5 
cyanogen removal in, 1114 
operation of, 975-6 
recovery of ammonia in, 975 
sulfur recovery in, 976-81 
thlonizers for, 975-6 
Thymol, extraction of coal by, 735, 738 
Thyssen-Galoczy producer, 1633, 1669 
Tliyssen-Lenze towers, 901, 966-8 
Toluene, see also Toluol 

effect of temperature on yield of, 1295 
extraction of coal by, 721, 737-8 
extraction of peat by, 682 


Toluene, from carbonization of coal, 1360 

from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1144, 1146, 
1325-6 

physical properties, 1146 
recovery from gas, 926 
synthesis, 1798 
toxicity, 1418 

Toluidine, from extraction of coal, 743 

from hydrogenation of coal, 479, 1779, 1783 
in high-temperature tar, 472-3 
in low-temperature tar, 470 
in vacuum tar, 764 

m- and p-Toluidine, extraction of coal by, 735 
from carbonization of coal, 1304 
o-Tolukline, extraction of coal by, 735 
from carbonization of coal, 1364 
in light oil, 1148 
physical properties, 1148 
Toluol, see also Light oil ; Toluene 
commercial grades, 1151-3 
composition, 1141 

production statistics in United States, 1137-9 
removal of paraffins from, 1212 
uses, 1152-3 

Tolylmercaptan from carbonization of coal, 1363 
Topaz, 23, 4S8 
TourbCj 41 
Tourmaline, 23, 488 
Translucent attritus, 29-30, S3, 8S 
hydrogenation of, 387-91, 1758 
Trefois producer, 166G 
Trent process, 583 

Triaeon fane from extraction of coal, 694 

2.4.6- Tribromoaniline from action of hypobromite 

on coal, 364 

2.4.6- Tribromophenol from action of hypobromite 

on coal, 364 

Trichloroethylene, extraction of coal by, 710, 
718-21 

Tricosane from carbonization of coal, 1368 
Tricresylphosphate for deplienolization of am- 
moniacal liquor, 1449-51 
Trie thy lamine, from carbonization of coal, 1360 
in ammoniacal liquor, 471, 1385 
Trimellitie acid from oxidation of coal, 362, 372, 
374 

Trimesic acid from oxidation of coal, 363, 366 

2.3.6- Trimethylanthracene from carbonization of 

coal, 1369 

Trimethylbenzenes, see also individual com- 
pounds 

in heavy solvent naphtha, 1153 
in light oil, 1146 

1.2.4- Trimethylcyclohexane from carbonization of 

coal, 1361 

2.3.4- Trimethyl-8-ethylquinoline, 464 


i 
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Synthesis gas, from solid fuels, 872-3, 1646-7, | 
1059, 1802, 1804, 1806-14, 1852-3 
purification, 1003-5, 1720, 1799, 1815-8, 

1853-4 

Synthetic Oils process, 1834 
Syutliol, 1797, 1824 
S.Y.R.C. flotation process, 589 

Tables for cleaning coal, 582 
Tar, absolute viscosity of, 1308-9 

benzene-insoluble matter in, 1309, 1311 
carbon I content of, 1309-12 
carbon II content of, 1309-12 
chemicals from, 1325-70 ; see also individual 
compounds 

commercial products from, 1323-5 
determination of naphthalene in, 1312 
determination of tar acids in, 1312 
distillation, 1320-3 
distillation analysis, 1309, 1311-2 
distribution statistics in United States, 1315 
effect of carbonizing equipment on nature of, 
1302-8 

effect of coal moisture on yield of, 857 
effect of nature of coal on properties, 1291-3, 
1295 

effect of nature of coal on yield of, 1287-91, 
1295 

effect of oxidation of coal on composition, 8C1 
effect of oxidation of coal on yield of, SC0-2 
effect of rate of heating on yield of, SS9, 
843-7, 858 

effect of steaming on yield of, 1027 
effect of temperature on composition, 1296- 
302 

effect of temperature on yield of, 840-1, 843-7, 
1294-6 

fouling of oxide boxes by, 966 
fractional condensation, 1316-21 
from byproduct coke ovens, 1305-6, 1309, 1313 
from Cur ran-Knowles process, 1304, 1309, 1313 
from horizontal retorts, 1306-7, 1309, 1313 
from vertical retorts, 1304-5, 1309, 1313 
from Wisner process, 1303-4, 1309, 1312-3 
hydrogenation of, see Hydrogenation of tar 
ngnee in ammonia recovery, 1032-6 
"in, 474, 1018-20 
Peat 

statistics in United States, 1313-5 
| 471-3, 1021, 1126-7 

coke plants, 1314, 1316-20 
f lCrom gas, 926 

points of distillation residues, 1309, 

U 

t .gravity, 1303, 1306-9, 1311 
it ion factor, 1309, 1312 
iture susceptibility factor, 1308-10 
1 decomposition, 839, 1296-302 
analyses, 1309, 1326-7 
see Vacuum tar 
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Tar acids, see also Phenols and individual com- 
pounds 

effect of nature of coal on yield of, 1292 
effect of temperature on yield of, 1295, 1297- 
301 

from hydrogenation of coal, 1770 S3 
from hydrogenation of tar, 1789 91 
hydrogenation, 1 7 80 
percentage of, in tar. 1323-4 
recovery from tar, 3 344-5 
refining, 1345 
springing, 1344-5 
typical yields, 1309 
uses, 1347-9 

Tar bases, see also individual compounds 

effect of temperature on yield of, 1205, 1207 
301 

fractionation, 1352-3 

from high-temperature carbonization, 471 7, 
1131 

from hydrogenation of coal, 1770 SO, 1782 
from hydrogenation of tar, 1780, 1701 

from low-temperature carbonization, 407 71 

in ammoniacal liquor, 1379—80, 1 382-0, 1440 
in coal tar, 461, 1320-7, 1350-4 
in deplienolization of ammoniacal liquor with 
benzene, 1448-9 
uses, 1353 

Tartaric acid from oxidation of coal, 360 
Tela in, 94-5 

Terephthalic acid from oxidation of coni, 3(59, 
372, 374 

Terpenes from extraction of coal, 693 4, 7M 

Terzian factor, 1736-7 

Tetracosane from carbonization of coni, 1508 
Totracosanol from extraction of coal, 098 
1,2,3,4-Tetrahydrofluoranthene from carboniza- 
tion of coal, 1369 

Tetrahydronaphthalene, see also Tot mini 
as a hydrogenation catalyst, 1772 
equilibrium with naphthalene, .1777 
from carbonization of coal, 13(54 
from hydrogenation of coal, 1780, 1784 
from hydrogenation of tar, 1790 
in light oil, 1147 
physical properties, 1147 
Totralin, see also Potfc-IJrochc process ; Tot ra- 
lly dronaph tlm Ion e 

as wash oil for light-oil recovery, 1182 3 
extraction of coal by, 704-7, 709, 725 (>, 729 - 
31, 734-5, 738, 744, 746-7, 751, 755 -7 
thermal stability of, 730 

2,3,C,7-Tetramethylanthracene from carbonization 
of coal, 1369 

Tetramethylbenzenes in heavy solvent naphtha, 
1153 

Tetramethylbiphenol from carbonization of coal, 
1308 

Tetramethylpyridine, from hydrogenation of coal, 
1783 

in high-temperature tar, 473 
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Totramethylpyridine, in low-temperature tar, 
470 

in peat tar, 470 

1.2.3.4- Tetramethylpyridine in high-temperature 
tar, 473 

2.3.4.5- Tetramethylpyridine from carbonization of 
coal, 1365 

2,3,4, S-Tetrametliylquinoline, 463 
Tetramethylthiophene from carbonization of coal, 
1363 

Thermal decomposition of coal, see also Carboni- 
zation of coal ; Solvent extraction of coal ; 
Vacuum distillation of coal 
mechanism, 767, 771, 834 
Thermodizing coal, 862 
Thioarsenate for purification of gas, 974-6 
Thiocyanates, see also Ammonium thiocyanate ; 
Cyanogen 

determination in ammoniacal liquor, 1471 
formation in dry purification of gas, 1092 
recovery from ammoniacal liquor, 1094-5, 
1462-3 

recovery from spent oxide, 1094 
removal of cyanogen from gas as, 1109-17 
Thio ethers, see Dimethyl sulfide, etc. 

Thiols, see Mercaptans 

Thionaphtliene, from carbonization of coal, 1365 
in light oil, 1149 
physical properties, 1149 
Thionate process, 992-3, 1062-3, 1009-71, 1113 
Thionizers, 975-6 

Thiophene, catalytic removal from hydrogen, 
1 SI 6-7 

extraction of coal by, 738 

from carbonization of coal, 1360 

in coal gas, 932, 945-7, 949-50 

in light oil, 940, 1141, 1143-4, 1149, 1150 

in wash oil, 1004 

physical properties, 1002, 1149 

removal from light oil, 1228-31 

tests for, 954 

toxicity, 1418 

Thiophenol from carbonization of coal, 1362 
Thiosulfate, see also Ammonium thiosulfate 
conversion to sulfate, 1067-9 
formation in liquid purification of gns, 973, 
975, 984, 992-4, 1062-3, 1067 
Thylox process, 443, 973—81, 1114 
chemistry of, 974-5 
cyanogen removal in, 1114 
operation of, 975-6 
recovery of ammonia in, 975 
sulfur recovery in, 976-81 
thionizers for, 975-6 
Thymol, extraction of coal by, 735, 738 
Thysseu-Galoezy producer, 1633, 1669 
Thyssen-Lenze towers, 961, 966-8 
Toluene, see also Toluol 

effect of temperature on yield of, 1295 
extraction of coal by, 721, 737-^8 
extraction of peat by, 682 
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Toluene, from carbonization of coal, 1360 

from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1144, 1146, 

1325-6 

physical properties, 1146 
recovery from gas, 926 
synthesis, 1798 
toxicity, 1418 

Toluidine, from extraction of coal, 743 

from hydrogenation of coal, 479, 1779, 1783 
in high-temperature tar, 472-3 
in low-temperature tar, 470 
in vacuum tar, 764 

m- and p-Toluidine, extraction of coal by, 735 
from carbonization of coal, 1364 
o-Toluidine, extraction of coal by, 735 
from carbonization of coal, 1364 
in light oil, 1148 
physical properties, 1148 
Toluol, see also Light oil ; Toluene 
commercial grades, 1151-3 
composition, 1141 

production statistics in United States, 1137-9 
removal of paraffins from, 1212 
uses, 1152-3 

Tolylmercaptan from carbonization of coal, 1363 
Topaz, 23, 488 
Tourbe 3 41 
Tourmaline, 23, 4S8 
Translucent attritus, 29-30, 33, 88 
hydrogenation of, 387-91, 1758 
Trefois producer, 1666 
Trent process, 5 S3 

Triacontane from extraction of coal, 694 

2.4.6- Tribromoaniline from action of hypobromite 

on coal, 364 

2.4.6- Tribromophenol from action of hypobromite 

on coal, 364 

Trichloroethylene, extraction of coal by, 710, 
718-21 

Tricosane from carbonization of coal, 1368 
Tricresylphosphate for dephenolization of am- 
moniacal liquor, 1449-51 
Triethylamine, from carbonization of coal, 1360 
in ammoniacal liquor, 471, 1385 
Trimellitic acid from oxidation of coal, 362, 372, 
374 

Trimesic acid from oxidation of coal, 363, 366 

2.3.6- Trimethylanthracene from carbonization of 

coal, 1369 

Trimethylbenzenes, see also individual com- 
pounds 

in heavy solvent naphtha, 1153 
in light oil, 1146 

1,2,4-Trimethylcyclohexane from carbonization of 
coal, 1361 

I 2,3,4-Trimethyl-8-ethylquinoline, 464 
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Trimethyhiaphthaleno in coal tar, 1336 

1,3,7-, 2,3,6-, and 2,3,6-Trimethylnaphthalene 

from carbonization of coal, 1367 

3,4,5-Trimethylphenoi from carbonization of coal, 
1366 

2.3.4- Trimetliyl-8-»-propylquInoline, 405 
Tnmethylpyridine, from hydrogenation of coal, 

1783 

in liigh-temperature tar, 473, 1351 

2.8.4- and 2,3,6-Trimethylpyridine, from carboni- 
zation of coal, 1862 

in low-temperature tar, 470 
physical properties, 1148 

2.8.5- Trimetliylpyridine, from carbonization of 

coal, 1363 

in low-temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2.4.5- Trimethylpyridine, from carbonization of 

coal, 1362 

in high- temperature tar, 473 
in light oil, 1148 
physical properties, 1148 

2.4.6- Trimethylpyridine, from carbonization of 

coal, 1362 

from hydrogenation of coal, 479 
in high-temperature tar, 473 
in light oil, 1148 
in low- temperature tar, 470-1 
physical properties, 1148 

2.3.4- Trimethylquinoline, 466 

2.3.8- Trimethylquinoline, 463, 466 

2.4.6- Trimethylquinoline from carbonization of 

coal, 1368 

2.4.8- Trimethylquinoline, 463 
Trimethylthiophene from carbonization of coal, 

1362 

2.3.4- Trimethylthiophene, in light oil, 1140 
physical properties, 1149 

Trinitroresorcinol from oxidation of coal, 361 
Triphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Tritriacontane from extraction of peat, CSS 
Tromp process, 580-1 

Truxene from carbonization of coal, 1309 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, see Coal types 

Ufer process, 1208-9 

U.G.I. blue-gas generator, 1675, 1677, 1087, 1691, 
1714 

U.G.I. cone-top earburetted-blu e-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1734-5 
U.G.I. intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulmain, 95 


Ulmie acids, sec Humic acids 
Ulmin, 3 IS 

■«-Undecane from carbonization of coal, 1364 
Undecene from carbonization of coal, 1363 
Under clay, 2-3, 9, 494-5 
Underfeed burning, 901-2 
Underground gasification, 1051—3 
Underjet coke oven, 796, 803-4 
Unit Btu, 142-3 
Unit coal, 55, 63-5 

Vacuum carbonate process, 985, 987 8 
Vacuum distillation of coal, 459-67, 761-73 
effect of heating rate in, 769 
effect of particle size in, 771, 773 
gaseous products from, 761-2, 764-5, 770 
liquid products from, sea Vacuum tar 

Vacuum tar, bases in, 459-00, 7(53 4, 101(5 8 

nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in ammoiiiacal liquor, 1386 
w-Valerie acid, from carbonization of coal, 1363 
in ammoniacal liquor, 1884 
Valylene from carbonization of coal, 1359 
Vapor-phase gum, 934, 936, 941, 1249 
Vi train, 6-7, 10, 18-4, 22 3, 29, 88, 93 45, 109, 
113-4, 116, 118, 123 
ash composition, 490, 493 
diffraction of X-rays by, 334 -5 
electrical conductivity, 320 
friability, 150-1 
halogen adsorption by, 342 
hardness, 145 
hydrogenation, 387 
index of reflection, 326 
index of refraction, 328 30 
mineral matter in, 489-90, 493 
nitrogen in, 451 
rate of oxidation, 350, 052 -3 
solvent extraction, 721, 727, 754 5 
Vitrifusain, 7 
Vitrinite, 9(5, 102 
Vitrit , see Vi train 
Volatile displacement, 35, 52 

Wash oil, see also Light oil, recovery from gas 
absorption of sulfur compounds by, 1003 4 
cooling, 1194-5 
debenzolization , 1 1 89-97 
for naphthalene removal from gas, 1239 40 
in light oil, 940, 1141 
properties desired in, 1173 5, 1178-4) 
regeneration of spent, 1177-8, 1181 
• specifications of petroleum oil for, 1175- 0 
thiophene in, 1004 
Waste liquor, see Ammoniacal liquor 
Water, see also Moisture in coal 
extraction of peat by, 684 
from carbonization of coal, 1360 
in coal gas, 931, 935-6 


I 
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Water, in conversion of hydrocyanic acid to am- 
monia, 995 

removal from coal gas, 1250—1 
Water gas, heating value as a function of com- 
position, 1743 
high-Btu, 1742-3 

hydrocarbon synthesis from, 1797—839 
low-gravity, 1741—2 
methanol synthesis from, 1846—68 
Water-gas production, automatic controls in, 
1720, 1725—6 

by steaming in coke ovens, 805, 807, 925, 

1027-31 

capacities of blue-gas plants in, 1718-9 
carburetting blue gas in, 1720-45 
charging of fuel in, 1GS6— 7 
checlcerbrick in, 1723-4 

chemical reactions in, 15S7, 1594—7, 1603, 

160G, 1696-704 
cold carburetion in, 1737 
commercial blue-gas processes in, 1717 
continuous, 1745, 1747 
cost, 1839 

effect of air rate on, 1705—6 
for chemical processes, 171S— 21 
for hydrocarbon synthesis, 1640—7, 1804, 1806— 
14 

for methanol synthesis, 1S51-8 

generator linings for, 1674, 167C-S 

heat balances in, 1717—9, 1746 

heavy oils for carburetting blue gas in, 1733-6 

mechanical grates in, 1690 

oil efficiencies in, 1730—1 

oil sprays for, 1724 

operation of blue-gas plant in, 1074, 1680-93 
pier process for, 1712—4 
reactions during blow in, 1093—5 
reactions during run in, 1695—702 
reactions in fuel bed in, 1705-9 • 
statistics in United States, 1721 
steam decomposition in, 1706—9 
steam requirements in, 1714-6 
typical analyses of blue gas in, 1718 
typical operating results in, 1744— G 
use of anthracite for, 1709—10 
use of bituminous coal for, 1712—4, 1731-3 
use of coke for, 1710-2 
use of oxygen in, 1716-7, .1808-9, 1811 
Water-gas reaction, 1587, 1003, 1704-5, 1814-5 
Water-gas shift, 1814-5 
Waxes, see also Coal resins ; Montan wax 
from solvent extraction of coal, 691-4 
Weathered coal, see Oxidized coal 
Weldon mud, catalytic action of, 1122 
for purification of gas, 965 
Wellman-Galusha producer, 1059, 1666 
Wellman-Seaver-Morgan producer, 1656, 1665 
Western Gas process, 1734 
Willien-Stein process, 1741-2 
Wilputte coke oven, 789, 794-5 


Winkler producer, 1587, 1632—3, 1635, 

1666, 1669, 1749, 1808-9 
Wisco producer, 1661, 1667 
Wisner process, 813—6, 859 ; see also D' 
tar from, 1303-4, 1309, 1312-4 
Wobbe index, 1272 
Wolf pressure abrasion test, 890, 9 
Wood, hydrogenation, 396 
nitrogen in, 451, 1009 
solvent extraction, 679 
Wood gas producer, 554, 1665 
Wuensch cone process, 580 
Wuerth slagging producer, 1660 
Wurth producer, 1638 


Xanthogenie acid, extraction o 
Xanthopliyll from extraction ( 
X-rays, see Coal, X-ray. studie 
Xylain, 7, 94, 114 
Xylene, see also Xylol 

extraction of coal by, 72!~ s0, 
extraction of peat by, 68 
from hydrogenation of 
1783— 4 


from hydrogenation of 1 
in coal gas, 931, 940 
in coal tar, 1325—6 25—9 

in heavy solvent naph J 
in light oil, 940, 1136/on of coal, 
recovery from gas, 92 
m-, o-j and p-Xylene, fy 
1361 

in coal gas, 931 
in light oil, 1136, 1 


physical properties, 


Xylenol, fractionatio7, 


.779, 


4784 


.-3 


from liydrogenatie 


•385 


in ammoniacal lio 


in coal gas,. 932, 


347 


in coal tar, 1326 f ota cartoon^ 0 -* 
uses, 1348-9 iao1 , 

2 ’ 8 " ° f 


13G4_5 Ot coal, 


tion of co 
2,4- and 3,5-Xyle ? 


from 


in coal tar, lafioB 
Xylidine from 
2,3-, 2,4-, 2,5-, ,64—5 

tion of „ 

Xylol, see also 445 1> 

commercial ( 4445 ^ states, 

composition^cs f* 1 
production 
uses, 1153 yy.4 
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Zircon, 
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Trimethylnaplithalenc in coal tar, 1336 

1 ,3,7-, 2,3,0", and 2,3,6-Trimethylnaphthalene 

from carbonisation of coal, 1367 

3,4,5-TrimethyIphenoi from carbonization of coal, 
1366 

2,3,4»Trimethyl-8-n-propylquinoline, 460 
Trimethylpyridine, from hydrogenation of coal, 
1783 

in hlgli-temperature tar, 473, 1351 

2.3.4- and 2,3,6-Trimethylpyridine, from carboni- 

zation of coal, 1362 
in low-temperature tar, 470 
physical properties, 114S 
2,3,5 -Trimethylpyridine, from carbonization of 
coal, 1363 

in low-temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2.4.5- Trimetliylpyridine, from carbonization of 

coal, 1302 

in high-temperature tar, 473 
in light oil, 1148 
physical properties, 1148 
2,4, 0-T l* imetliy lpy r idine, from carbonization of 
coal, 1362 

from hydrogenation of coal, 479 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2.3.4- Trimethylquinolme, 466 

2.3.8- Trimethylquinoline, 463, 466 

2.4.6- Trimethylquinoline from carbonization of 

coal, 1368 

2.4.8- Trimethylquinoline, 463 

Trimethyltliiophene from carbonization of coal, 
1362 

2.3.4- Trimethylthiophene, .in light oil, 1149 
physical properties, 1149 

Trinitroresorcinol from oxidation of coal, 361 
Triphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Tritriacontane from extraction of peat, CSS 
Tromp process, 580-1 

Truxene from carbonization of coal, 1369 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, see Coal types 

Ufer process, 1208-9 

U.G.I. blue-gas generator, 1675, 1677, 16S7, 16.91, 
1714 

U.G.I. cone-top carbnretted-blue-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1734-5 
U.G.I. intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulmain, 95 


Ulmie acids, see Humic acids 
TJlmin, 348 

w-U n decane from carbonization of coal. 1364 
Undecene from carbonization of coal, 1363 
Underelay, 2-3, 9, 494-5 
Underfeed burning, 901-2 
Underground gasification, 1051-3 
Underjet coke oven, 796, 803-4 
Unit Btu, 142-3 
Unit coal, 55, 63-5 

Vacuum carbonate process, 985, 9X7-8 
Vacuum distillation of coal, 459 -67, 761--73 
effect of heating rate in, 769 
effect of particle size in, 771, 773 
gaseous products from, 701—2, 704-5, 770 
liquid products from, see Vacuum tar 
Vacuum tar, bases in, 459-60, 703-4, 1010 8 
nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in ammoniacal liquor, 1386 
n-Valerlc acid, from carbonization of coal, 13(53 
in ammoniacal liquor, 1384 
Valylene from carbonization of coal, 1359 
Vapor-phase gum, 934, 936, 941, 1249 
Vitrain, 6-7, 10, 13-4, 22-3, 29, 88, 93 -6, 109, 
113-4, 116, 118, 123 
asli composition, 490, 493 
diffraction of X-rays by, 331 5 
electrical conductivity, 320 
friability, 150-1 
halogen adsorption by, 342 
hardness, 140 
hydrogenation, 387 
index of reflection, 326 
index of refraction, 328 30 
mineral matter in, 4X9-90, 493 
nitrogen in, 451 
rate of oxidation, 350, 652-3 
solvent extraction, 721, 727, 754 5 
Vitrifusain, 7 
Vitrinitc, 96, 102 
Vitrit , see Vitrain 
Volatile displacement, 35, 52 

Wash oil, sec also Light oil, recovery from gas 
absorption of sulfur compounds by, 1003 4 
cooling, 1194*5 
debenzoliza tion, 1 1 89 97 
for naphthalene removal from gas, 1239 40 
in light oil, 940, 1141 
properties desired in, 1173 5, 1178 9 
regeneration of spent, 1177-8, 1181 
specifications of petroleum oil for, 1175-6 
thiophene in, 1004 
Waste liquor, sec Ammoniacal liquor 
Water, see also Moisture in coal 
extraction of peat by, 684 
from carbonization of coal, I860 
in coal gas, 931, 985-C 
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Water, in conversion of hydrocyanic acid to am- 
monia, 995 

removal from coal gas, 1250-1 
Water gas, heating value as a function of com- 
position, 1743 
higli-Btu, 1742-3 

hydrocarbon synthesis from, 1797-839 
low-gravity, 1741-2 
methanol synthesis from, 1S4G-6S 
Water-gas production, automatic controls in, 
1720, 1725-6 

by steaming in coke ovens, 805, 807, 925, 
1027-31 

capacities of blue-gas plants in, 1718-9 
carburetting blue gas in, 1720-45 
charging of fuel in, 1080— 7 
checkerbrick in, 1723-4 

chemical reactions in, 15S7, 1594—7, 1003, 
1606, 1696-704 
cold carburetion in, 1737 
commercial blue-gas processes in, 1717 
continuous, 1745, 1747 
cost, 1839 

effect of air rate on, 1705-6 
for chemical processes, 1718-21 
for hydrocarbon synthesis, 1646-7, 1804, 1S0G- 
14 

for methanol synthesis, 1851-3 

generator linings for, 1074, 1676-8 

heat balances in, 1717-9, 1746 

heavy oils for carburetting blue gas in, 1733-6 

mechanical grates in, 1690 

oil efficiencies in, 1730-1 

oil sprays for, 1724 

operation of blue-gas plant in, 1674, 1680-93 
pier process for, 1712-4 
reactions during blow in, 1093-5 
reactions during run in, 1695-702 
reactions in fuel bed in, 1705-9 • 
statistics in United States, 1721 
steam decomposition in, 1706—9 
steam requirements in, 1714-6 
typical analyses of blue gas in, 1718 
typical operating results in, 1744—6 
use of anthracite for, 1709-10 
use of bituminous coal for, 1712-4, 1731-3 
use of coke for, 1710-2 
use of oxygen in, 1716-7, 1808-9, 1811 
Water-gas reaction,. 1587, 1G03, 1704-5, 1814-5 
Water-gas shift, 1814-5 
Waxes, see also Coal resins ; Montan wax 
from solvent extraction of coal, 091-4 
Weathered coal, see Oxidised coal 
Weldon mud, catalytic action of, 1122 
for purification of gas, 905 
Wellman-Galusha producer, 1659, 1666 
Wellman-Seaver-Morgan producer, 1656, 1665 
Western Gas process, 1734 
Willien-Stein process, 1741-2 
Wilputte coke oven, 780, 794-5 


Winkler producer, 15S7, 1632-3, 1635, 1647, 

1666, 1669, 1749, 1808-9 
Wiseo producer, 1661, 1667 
Wisner process, 813-6, 859 ; see also Disco 
tar from, 1303-4, 1309, 1312-4 
W r obbe index, 1272 

Wolf pressure abrasion test, S90, 902 
Wood, hydrogenation, 396 
nitrogen in, 451, 1009 
solvent extraction, 679 
Wood gas producer, 554, 1665 
Wucnsch cone process, 580 
Wuertli slagging producer, 1600 
Wurth producer, 1638 

Xantliogenic acid, extraction of peat by, 681 
Xanthopliyll from extraction of peat, 685 
X-rays, sec Coal, X-ray. studies 
Xylain, 7, 94, 114 
Xylene, see also Xylol 

extraction of coal by, 721 
extraction of peat by, 682 
from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 

in coal gas, 931, 940 

in coal tar, 1325-6 

in heavy solvent naphtha, 1153 

in light oil, 940, 1136, 1141, 1145, 1325-6 

recovery from gas, 926 

m-j o-, and p -Xylene, from carbonisation of coal, 
1361 

in coal gas, 931 
in light oil, 1136, 1145-6 
' physical properties, 1146 
Xylenol, fractionation of, 1347 

from hydrogenation of coal, 1779, 1781-3 

in ammoniacal liquor, 1381, 1385 

in coal gas, 932, 942 

in coal tar, 1326, 1343-4, 1347 

uses, 1348-9 

2.3- , 2,5-, 2,6-, and 3,4-Xylenol from carboniza- 

tion of coal, 1364-5 

2.4- and 3,5-Xylenol, from carbonization of coal, 

1364-5 

in coal tar, 1347 

Xylidine from hydrogenation of coal, 479, 1779 
2,3-, 2,4-, 2,5-, and 3,5-Xylidine from carboniza- 
tion of coal, 1364-5 
Xylol, see also Light oil ; Xylene 
commercial grades, 1151, 1153 
composition, 1141, 1145 

production statistics in United States, 1138-9 
uses, 1153 

Xylovitrain, 7, 94, 114 

Young-Whitwell process, 1737-9 

Zinc thiosulfate for purification of gas, 992 
Zircon, 23, .488 
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Trimethylnaplithaleno in coal tar, 1336 

1,3,7-, 2,3,5-, and 2,3,0-Trimethylnaphthalene 

from carbonization of coal, 1807 

3,4,5-Trimethyli)lienoi from carbonization of coal, 
1366 

2.3.4- Trimetbyl-S-M-propylquinoline, 465 
Trimethylpyridine, from liydrogenation of coal, 

1783 

in high-temperature tar, 473, 1351 

2.3.4- and 2,3,6-Trimethylpyridine, from carboni- 
zation of coal, 1362 

in low- temperature tar, 470 
physical properties, 1148 

2.3.5- Trimetliylpyridine, from carbonization of 

coal, 1363 

in low- temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2.4.5- Trimethylpyridine, from carbonization of 

coal, 1362 

in high-temperature tar, 473 
in light oil, 1148 
physical properties, 1148 

2.4.6- Trimethylpyridine, from carbonization of 

coal, 1362 

from hydrogenation of coal, 479 
in higli-temperature tar, 473 
in light oil, 1148 
in low- temperature tar, 470-1 
physical properties, 1148 

2.3.4- Trimethylquinoline, 466 

2.3.8- Trimethylquinoline, 463, 466 

2.4.6- Trimethylquinoline from carbonization of 

coal, 1368 

2.4.8- Trimethylquinoline, 463 
Trimethyltliiophene from carbonization of coal, 

1362 

2.3.4- Trimethylthiophene, in light oil, 1149 
physical properties, 1149 

Trinitroresorcinol from oxidation of coal, 361 
Triphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Tritriacontanc from extraction of peat, 688 
Tromp process, 580-1 
Truxcne from carbonization of coal, 1369 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, see Coal types 

tlfor process, 120S-9 

U.G.I. blue-gas generator, 1675, 1677, 1687, 1691, 
1714 

(J.G.I. cone-top earburetted-blue-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1734-5 
U.G.I, intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulmain, 95 


Ulrnic acids, see Iliunlc acids 
Ulmin, 348 

w-Undecane from carbonization of coal, 1864 
Undecene from carbonization of coal, 1363 
Underclay, 2-3, 9, 494-5 
Underfeed burning, 901-2 
Underground gasification, 1651-3 
Under jet coke oven, 796, 803-4 
Unit Btu, 142-3 
Unit coal, 55, 68-5 

Vacuum carbonate process, 985, 987 8 
Vacuum distillation of coal, 459 -07, 761 78 
effect of heating rate in, 769 
effect of particle size in, 771, 778 
gaseous products from, 701-2, 704-5, 770 
liquid products from, see Vacuum tar 
Vacuum tar, bast's in, 459-60, 703-4, 1010 8 
nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in amnion incul liquor, 1386 
Valeric acid, from carbonization of coal, 1868 
in ammoniacal liquor, 1884 
Valylene from carbonization of coal, 1359 
Vapor-phase gum, 934, 986, 911, 1249 

Vitrain, 6-7, 10, 13-4, 22 3, 29, 88, 93 45, 3 09, 

113-4, 116, 118, 123 
ash composition, 490, 493 
diffraction of X-rays by, 831 5 
electrical conductivity, 820 
friability, 150-1 
halogen adsorption by, 342 
hardness, 145 
hydrogenation, 387 
index of reflection, 826 
index of refraction, 328-30 
mineral matter in, 489- 90, 493 
nitrogen in, 451 
rate of oxidation, 850, 652-8 
solvent extraction, 721, 727, 751 5 
Vitrifusain, 7 
Vitrinite, 96, 102 
Vitrit , sec Vitrain 
Volatile displacement, 35, 52 

Wash oil, see also Light oil, recovery from gas 
absorption of sulfur compounds by, 1008 4 
cooling, 1194-5 
debenzolization , 1 1 89 97 
for naphthalene removal from gas, 1 239 40 
in light oil, 940, 1141 
properties desired in, 1178 5, 1178 9 
regeneration of spent, 1177-8, 1181 
■ specifications of petroleum oil for, 1175 -0 
thiophene in, 1004 
Waste liquor, see Ammoniacal liquor 
Water, see also Moisture in coal 
extraction of peat by, 684 
from carbonization of coal, 1360 
in coal gas, 931, 935-6 
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Water, in conversion of hydrocyanic acid to am- 
monia, 995 

removal' from coal gas, 1250—1 
Water gas, heating value as a function of com- 
position, 1743 
high-Btu, 1742-3 

hydrocarbon synthesis from, 1797-839 
low-gravity, 1741-2 
methanol synthesis from, 1840-98 
Water-gas production, automatic controls in, 
1720, 1725-6 

by steaming in coke ovens, 805, S07, 925, 
1027-31 

capacities of blue-gas plants in, 1718—9 
carburetting blue gas in, 1720-45 
charging of fuel in, 3 080-7 
cheekerbriek in, 1723-4 

chemical reactions in, 1587, 1591-7, 1003, 
1000, 1090—704 
cold carburetion in, 1737 
commercial blue-gas processes in, 1717 
continuous, 1745, 1747 
cost, 1839 

effect of air rate on, 1705-0 
for chemical processes, 1718-21 
for hydrocarbon synthesis, 1(540-7, 1804, 180(3- 
14 

for methanol synthesis, 1851-3 

generator linings for, 1074, 1670-8 

heat balances in, 1717-9, 1740 

heavy oils for carburetting blue gas in, 1733-0 

mechanical grates in, 1090 

oil efficiencies in, 1730-1 

oil sprays for, 1724 

operation of blue-gas plant in, 1(574, 1(580-93 
pier process for, 1712-4 
reactions during blow in, 1(593-5 
reactions during run in, 1695-702 
reactions in fuel bed in, 1705-9 • 
statistics in United States, 1721 
steam decomposition in, 170(5-9 
steam requirements in, 1714-0 
typical analyses of blue gas in, 1718 
typical operating results in, 1744-0 
use of anthracite for, 1709-10 
use of bituminous coal for, 1712-4, 1731-3 
use of coke for, 1710-2 
use of oxygen in, 1710-7, 1808-9, 1811 
Water-gas reaction, 1587, 3 003, 1704-5, 1814-5 
Water-gas shift, 3814- 5 
Waxes, see also Coal resins ; Monf an wax 
from solvent extraction of coal, (593-4 
Weathered coal, sec Oxidized coal 
Weldon mud, catalytic action of, 1122 
for purification of gas, 905 
Wellman-Galusha producer, 1059, 1000 
Wellman-Seavcr-Morgan producer, 3 050, 1005 
Western Gas process, 1734 
Wttlien-Stein process, 1741-2 
Wilputte coke oven, 789, 794- -5 


Winkler producer, 1587, 1032-3, 1035, 1(547, 

1(566, 10(59, 1749, 1808-9 
Wisco producer, 1661, 1607 
Wisner process, 813-6, S59 ; see also Disco 
tar from, 1303-4, 1309, 1312-4 
Wobbe index, 1272 

Wolf pressure abrasion test, S90, 902 
Wood, hydrogenation, 396 
nitrogen in, 451, 1009 
solvent extraction, 079 
Wood gas producer, 554, 1665 
Wuenscli cone process, 580 
Wuerth slagging producer, 1000 
Wurth producer, 1638 


Xanthogonic acid, extraction of peat: by, 
Xantliophyll from extraction of peat, 08 
X-rays, see Coal, X-ray. studies 
Xylain, 7, 94, 114 
Xylene, see. also Xylol 

extraction of coal by, 721 ^ 

extraction of peat by, (582 
from hydrogenation of coal, 17 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-0 . 

in heavy solvent naphtha, 115 
in light oil, 940, 1130, 1141, , 

recovery from gas, 920 *<»u u>a ’ 

m-j, o-, and p -Xylene, from car' 

1301 


in coal gas, 931 
in light oil, 1136, 1145-0 
* physical properties, 1146 
Xylenol, fractionation of, 1779, 1^’"* 
from hydrogenation of r 385 
in ammoniacal liquor, 3 
in eon! gas, 932, 942 ;{47 

in coal tar, 3 320, 1343 , 

uses, 1348-9 . no i from carbons - 

2.3- , 2,5-, 2,0-, and 3/ , 

turn of coal, 13 caY pcmi7.ation c 

2.4- and 3,5-Xylenol, 1 

3.304"“O j 

in coal tar, 1347 of <mal, ^ 

Xylidine from hydr^ ylU p n e from carbon! < - 


2,3-, 2,4-, 2,5-, and 


04-5 


tion of coal . Xylene 
d, see also Lip 1153 


Xylol, 

commercial gra 


composition, **X united States, 
production 8tr Mt 


uses, 1153 
Xylovitr&in, 7, ! 

Yotmg-Whltwi 

55inc thiosul^® * or ^ 
JZircon, 23, 


114 

process, 


1731^ 

rideation 


of gas, 


1138-9 


992 
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Trimetliylnaphtlialcne in coal tar, 1330 
1,3,7-, 2,3,5-, and 2,3,6-Trimethylnaplitlialene 

from carbonization of coal, 1307 

3,4,5 -Tr ime thy Iphe n ol from carbonization of coal, 

2,3 s 4-Trimetliyl'8-«-propylauinoline, 465 
Trimetliylpyridine, from hydrogenation of coal, 
1783 

in high-temperature tar, 473, 1351 

2.3.4- and 2,3,6-Trimethylpyridine, from carboni- 

zation of coal, 1362 
in low-temperature tar, 470 
physical properties, 1148 

2.3.5- Trimethylpyridine, from carbonization of 

coal, 1363 

in low-temperature tar, 470 
in peat tar, 470 
physical properties, 1148 

2.4.5- Trimethylpyridine, from carbonization of 

coal, 1362 

in high-temperature tar, 473 
in light oil, 1148 
physical properties, 1148 

2.4.6- Trimethylpyridine, from carbonization of 

coal, 1362 

from hydrogenation of coal, 479 
in high- temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2,3,4-Trimethylquinoline, 466 
2,3, 8-Trim ethylquinoline, 463, 466 

2.4.6- Trimethylquinoline from carbonization of 

coal, 1368 

/ 2,4,8-Trimethylquinoline, 463 

gTrimethylthiophene from carbonization of coal, 

I 1362 

1 2,3,4-Trimethylthiopliene, in light oil, 1149 
physical properties, 1149 
Trinitroresorcinol from oxidation of coal, 361 
Triphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Tritriacontane from extraction of peat, 688 
Tromp process, 580-1 

Truxene from carbonization of coal, 1369 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, see Coal types 

Ufer process, 1208-9 

U.G.I. blue-gas generator, 1675, 1677, 1687, 1691, 
1714 

U.G.I. cone-top earburetted-blu e-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1734-5 
U.G.I. intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulmain, 95 


Ulmic acids, see Ilmnic acids 
Ulmin, 348 

?i-Undeeane from carbonization of coal, 1361 
Undecene from carbonization of coal, 1363 
Underclay, 2-3, 9, 494-5 
Underfeed burning, 901-2 
Underground gasification, 1651-3 
Urulerjet coke oven, 796, S03-4 
Unit Btu, 142 -3 
Unit coal, 55, 63-5 

Vacuum carbonate process, 985, 987-8 
Vacuum distillation of coal, 459 -67, 76173, 
effect of heating rate in, 769 
effect of particle size in, 771, 773 
gaseous products from, 761-2, 764-5, 770 
liquid products from, sac Vacuum tar 
Vacuum tar, bases in, 459-60, 763 -4, 1016 8 
nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in ammoniacal liquor, 1386 
w-Valeric acid, from carbonization of coal, 1363 
In ammoniacal liquor, 1384 
Valylene from carbonization of coal, 1359 
Vapor-pliase gum, 934, 936, 941, 1249 
Vitrain, 6-7, 10, 13-4, 22-3, 29, 88, 93 -6, 109, 
113-4, 116, 118, 123 
ash composition, 490, 198 
diffraction of X-rays by, 334 5 
electrical conductivity, 820 
friability, 150-1 
halogen adsorption by, 342 
hardness, 145 
hydrogenation, 387 
index of reflection, 826 

index of refraction, 328 30 

mineral matter in, 489-90. 493 
nitrogen in, 451 
rate of oxidation, 350, 652 3 
solvent extraction, 721, 727, 75 ! 5 
Vitrifusain, 7 
Vi trin i to, 96, 102 
’Vitrify sec Vitrain 
Volatile displacement, 35, 52 

Wash oil, see also Light oil, recovery from gas 
absorption of sulfur compounds by, 1008 4 
cooling, 1194-5 
dehenzolization, 1 1 89-97 
for naphthalene removal from gas, 1285) 40 
in light oil, 940, 1.141 
properties desired in, 1173 -5, 1178- 9 
regeneration of spent, 1177-8, 1181 
specifications of petroleum oil for, 1 1 75 -6 
thiophene in, 1004 
Waste liquor, see Ammoniacal liquor 
Water, see also Moisture in coal 
extraction of peat by, 684 
from carbonization of coal, 1860 
in coal gas, 931, 935-6 
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Water, in conversion of hydrocyanic acid to am- 
monia, 995 

removal' from coal gas, 1250-1 
Water gas, heating value as a function of com- 
position, 1743 
high-Btu, 1742-3 

hydrocarbon synthesis from, 1797—839 
low-gravity, 1741-2 
methanol synthesis from, 1846-68 
Water-gas production, automatic controls in, 
1720, 1725-6 

by steaming in coke ovens, 805, 807, 925, 
1027-31 

capacities of blue-gas plants in, 1718-9 
carburetting blue gas in, 1720-45 
charging of fuel in, 1686-7 
checkerbrick in, 1723-4 

chemical reactions in, 15S7, 1594-7, 1003, 
1606, 1696-704 
cold carburetion in, 1737 
commercial blue-gas processes in, 1717 
continuous, 1745, 1747 
cost, 1839 

effect of air rate on, 1705-G 
for chemical processes, 171S-21 
for hydrocarbon synthesis, 1646-7, 1804, 1806- 
14 

for methanol synthesis, 1S51-3 

generator linings for, 1674, 1676-8 

heat balances in, 1717-9, 1746 

heavy oils for carburetting blue gas in, 1733-6 

mechanical grates in, 1090 

oil efficiencies in, 1730-1 

oil sprays for, 1724 

operation of blue-gas plant in, 1674, 1680-93 
pier process for, 1712-4 
reactions during blow in, 1693-5 
reactions during run in, 1695-702 
reactions in fuel bed in, 1705-9 • 
statistics in United States, 1721 
steam decomposition in, 1706-9 
steam requirements in, 1714-6 
typical analyses of blue gas in, 1718 
typical operating results in, 1744-6 
use of anthracite for, 1709-10 
use of bituminous coal for, 1712-4, 1731-3 
use of coke for, 1710-2 
use of oxygen in, 1716-7, 180S--9, 1811 
Water-gas reaction, 1587, 1(503, 1704-5, 1814-5 
Water-gas shift, 1814-5 
Waxes, sec also Coal resins ; Montan wax 
from solvent extraction of coal, 691-4 
Weathered coal, see Oxidized coal 
Weldon mud, catalytic action of, 1122 
for purification of gas, 965 
Wellman-Galusha producer, 1659, 1666 
W ell man-Seaver-Morga n producer, 1656, 1665 
Western Gas process, 1734 
Willien-Stein process, 1741-2 
Wilputte coke oven, 789, 794-5 


Winkler producer, 1587, 1032 3, 1635, 1647, 

1666, 1669, 1749, 1808-9 
Wisco producer, 10(51, 1667 
Wisner process, 813-6, 859 ; see also Disco 
tar from, 1303-4, 1309, 1312-4 
Wobbe index, 1272 

Wolf pressure abrasion test, 890, 902 
Wood, hydrogenation, 396 
nitrogen in, 451, 1009 
solvent extraction, 679 
Wood gas producer, 554, 1665 
Wuenscli cone process, 080 
Wuerth slagging producer, 1600 
Wurth producer, 1638 

Xanthogenic acid, extraction of peat by, 684 
Xanthophyll from extraction of peat, 085 
X-rays, see Coal, X-ray. studies 
Xylain, 7, 94, 114 
Xylene, see also Xylol 

extraction of coal by, 721 
extraction of peat by, 682 
from hydrogenation of coal, 1709, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 

in coal gas, 931, 940 

in coal tar, 1325-6 

in heavy solvent naphtha, 1153 

in light oil, 940, 1136, 1141, 1145, 1325-6 

recovery from gas, 926 

m-, o-j and p -Xylene, from carbonization of coal, 
1361 

in coal gas, 931 
in light oil, 1136, 1145-6 
‘ physical properties, 1146 
Xylenol, fractionation of, 1347 

from hydrogenation of coal, 1779, 1781-3 

in ammoniacal liquor, 1381, 1385 

in coal gas, 932, 942 

in coal tar, 1326, 1343-4, 1347 

uses, 134S-9 

2.3- , 2,5-, 2,6-, and 3,4-Xylenol from carbon| 

tion of coal, 1364—5 

2.4- and 3,5-Xylenol, from carbonization of 

13G4-5 

in coal tar, 1347 

Xylidine from hydrogenation of coal, 479, 1779 
2,3-, 2,4-, 2,5-, and 3,5-Xylidine from carboniza- 
tion of coal, 1364-5 
Xylol, sec also Light oil ; Xylene 
commercial grades. 1151, 1153 
composition, 1141, 1145 

production statistics in United States, 1138-9 
uses, 1153 

Xylovi train, 7, 94, 114 

Young- Whitwcll- process, 1737-9 

Zinc thiosulfate for purification of gas, 992 
Zircon, 23, ,488 
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Methylpyrene from hydrogenation of coal, 383, 
1780 

Methylpyridine, in high-temperature tar, 471 
in light oil, 1145 
2-Methylpyridine, 466 

in ammoniacal liquor, 470 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 
S-Methylpyridine, in high-temperature tar, 473 
in light oil, 1148 
physical properties, 1148 
4-Methylpyridine, 466 

in high -temperature tar, 473 
in light oil, 1148 
in low- temperature tar, 470 
physical properties, 1148 
Methylquinoline, fractionation, 1352 
in peat tar, 470 
uses for, 1354 

2- Methylquinoline, 461, 466 
extraction of coal by, 735 
from carbonization of coal, 1366 
from hydrogenation of coal, 479, 1779 
in high-temperature tar, 473, 1352 

in low- temperature tar, 470-1 

3- , 4-, 5-, 6-, 7-, and 8-Methylquinoline, from car- 

bonization of coal, 1366-7 
in high-temperature tar, 472-3, 1352 
Methyl salicylate, extraction of coal by, 738 
Methyl sulfide in coal gas, 932 
Methylthionaphthene from carbonization of coal, 
1366 

Methylthiophene, in coal gas, 947 
in light oil, 1144 

2- and 3-Methylthiophene, from carbonization of 
coal, 1360 
in light oil, 1149 
physical properties, 1149 
p-Metliyl tolyl ketone from carbonization of coal, 
1365 

Micronite, 99, 102 

Micum tumbler test, 883, 886-90 

Middletonite, 742 

Mid-temperature carbonization, 775 
Milk-of-lime for purification of gas, 959 
Mine water, acid content of, 430 
Mineral charcoal, see Fusain 
Mineral matter in coal, see also Coal ash 
composition, 23-4, 486-93 
effect on classification, 62-5 
effect on rate of oxidation of coal, 641 
extraction, 65, 455-8, 592-3 
occurrence, 485-6 
origin, 22—4, 493 
removal, 485, 583-6, 589 
X-ray investigation, 332-3 
Miroitantes brilliantes , 5 
Mixed solvents, extraction of coal 


704-5, 708-9, 729, 731. -3, 735. 751, 1761, 
1776 

Mixed solvents, extraction of peat by, 679-81, 
688 

Moisture in coal, COO— 20 

comparison of methods of determination, 605 -7 
direct methods of determination, 603-5 
effect on briquetting, 623-6 
effect on bulk density, 620-2, 853-4 
effect on carbonization, 623, S22, 848, 850-7 
effect on combustion, 619-20 
effect on dielectric constant, 602 
effect on electrical conductivity, 319 
effect on grindability, 620 
effect on specific gravity, 313 
effect on specific heat, 324, 608 
effect on thermal conductivity, 323 
effect on X-ray diffraction, 334-5 
heat of absorption, 675 
heat of vaporization, 018-9 
indirect methods of determination, 001-3 
mechanism of retention of, 60S-15 
quantitative determination, 000-8 
role in eoalification, 015 
use in classification, 01-2, 616-7 
Mond process, 475, 477, 1 028-30 
a- and j8-Monomethylnaphtlialone, see 1- ami 
2-Methylnaphthalene 
Montan wax, composition, 096-700 
distillation, 696-7 
from extraction of coal, 691-2 
from pyropissite, 692 
oxidation, 695-6 
properties, 692-3, 095 -7 
resin content, 692-3 
saponification, 69 5 
uses, 691 

Montanic acid, chemical structure, 097-700 
from mon tan wax, 696-7 
Montanone from extraction of coal, 690 
Morpholine, extraction of coal by, 738 
Motor benzol, see Benzol 
Multibasic coal charts, 54, 66-8 
Muscovite, 23, 487-8, 505 
Myricyl alcohol from extraction of coal, 698 

Naphthaeene, from carbonization of coal, 1369 
in coal tar, 1341 

Naphthalene, crystallization, 1333 

deposition in gas distribution systems, 1238 
effect of temperature on yield of, 1295, 1300 
extraction of coal by, 735, 787-8 
fouling of oxide boxes by, 966 
from carbonization of coal, 1305 
from hydrogenation of coal, 1780 
hydrogenolysis, 413-4 
in coal gas, 931, 1232-3 
in heavy solvent naphtha, 1158 
in light oil, 940, 1141, 1146-7 
in pure ammonia liquor, 1401 
percentage in tar, 1323-4, 1326-7 


by, 692, 694, 
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Naphthalene, physical properties, 1147 

production statistics in United States, 1830 

removal from coal gas, 12312 41 

toxicity, 1*117 

typical yields, 1300 

uses, 1320-33 

Naphthenes, from extraction of coal. 7*13, 1 

from hydrogenation of coal, 17SI, :1 7 S:» 1 
from hydrogenation of tar, 1785, 1700 
from vacuum distillation of coal, 743 4 
in light oil, 1144-5 

in tar, effect of temperature on yield of, 1205, 
1207-301 

synthesis, 1708, 1833 

Naphtho-2\3'-l, 2-anthracene from carbonisation 
of coal, 1370 

a- and jS-Naphthofurane from carbonization of 
coal, 1307 

Naphthol, extraction of coal by, 751 
n-Nuphthol. extraction of coal by, 738 
from carbonization of coal, 1307 
/3-Naplithol from carbonization of coal, 1308 
1- and 2-Naphthonitrilc, from carbonization of 
coal, 1308 

in liigh-temperature tar, 473 
Naphthylamine, from hydrogenation of coal, 1783 
in higli-temperature tar, 472 
1- and 2-Naphthylaminc, from carbonization of 
coal, 1308 

in high-temperature tar, 473 
National producer, 1021, 1043 
Nodelmann trommel test, 880 
Neumann reversal reaction, 1500 
Nickel oxide for purification of gas, 070 
Nickel sulfur-recovery process, 443, 071-3 
Nicotinic acid from oxidation of coal, 350, 470 
Nigger heads (coal balls), 80, 427, 420, 405 
Nitric acid oxidation of coal, 347, 340, 355, 350, 
301-2, 309 

Nitric oxide, in coal gas, 031, 030 7 
in light oil, 1102 
removal from gas, 000, 1249 50 
p-Nitroaniline, extraction of coal by, 751 
Nitrobenzene, extraction of coal by, 738, 751 
Nitrogen, in bone coal, 1008 
In coal, 450 84 

behavior on combustion, 477-8 
determination, 45.1, 408 0, 1000, 1018 
distribution of, in carbonization products, 
407—77, 1008, 1.010-8 
in chlorination products, 480-1 
in gasification products, 477 
in hydrogenation products, 470 80, 1011 
in hydrolytic products, 481 
In vacuum distillation products, 450-til, 
1010 

extraction by acids, 450-7, 1010 
extraction by solvents, 458-0, 1010 
occurrence, 450-1, 1008 
origin, 451-4, 1009-10 
resistance to oxidation, 478-0 
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Nitrogen, in coni, similar i I y to uitrogfu in pe- 
troleum, -MU 7 
variability, 450 1, 157 
volatile, -ids 0, 174 
in coal gas, 027, 020 31, 033 I, loos, [IMS 20, 
1253, 1357 

in coke, 174 <5, *178, 4hl 1, 1 o 1 s 20, .1020 
removal, by boat, 1 S I 3 

by hydrogen treatment, 4 S3, lo2-l 7 
by steaming, 175, 477. 482, 1025 7 
in peat, 1008 0 
in petroleum, 101 7 
in tar, 1018 0 
in wood, 151, 1OO0 

Nitrous oxide in produeer gas, 1040 50 
Nonaensnne from eurbon jy.a t ion of coal. 1300 
Nonadoeane from en rhouiza t ion of coal, 1308 
Nonane, synthesis, 1708 
a Nonane from earhoniza t ion of eoal, 1301 
Nonylene from carbonization of eoal, 1301 
Normal handed eoal, 5, 7 0, 35 0, SO 00 

Oetaeosane from earbonizat ion of eoal, 1308 
Oeladeruiic from earbonizat ion of eoal, 1308 
Octane, from earbonizat ion of eoal, 1300 
synthesis, 1708 

a Octane, from carbonization of eoal, 1300 
in light oil, 1 M l, 1 147 
physical properties, 1117 
Octeno from carbonization of coal, 1300 
Oil shale, origin, 21 

Oil treatment' of eoal, for carbonization, 850, 
1 150 7 

for dust proofing. 508 0, 023 
Olefins, .see also individual vtnnjmumls 
from hydrogenation of eoal, 1781, 1783 
from hydrogenation of tar, 1785 
in light oil, 1143 5, 1147. 1205 
in tar, 1205, 1207 301 
oxidation to acids, IS30 
synthesis. 1707 8, ,1825, 1833 5 
Oleic acid from extraction of coal, 704 
Olein, extraction of coal by, 751, 755 
Opaque a Urdus, 0, 20 30, 33 4, 88, 102 
hydrogenation of, 387 91, 305, 1758 
Organic sulfur, absorption by wash oil, 1001 
analysis of gas for, 053 4 
conversion to hydrogen sulfide, 1005 0, 181(1 7 
conversion to sulfur dioxide, 100(5' -7. .1 8.1(5 
in coni, hco Sulfur in coal, organic 
In coal gas, 047 50 

removal from gas, 1003 5, 1720, 1700, 1815- 8 
sulfided lime for removal from gas, 1003 
Origin of coal, ace aim Formation of coal 
allochthonous theory, 3-4 
lignin-cellulose controversy over, 112 
McKenzie Taylor theory, 10 
peat-swamp theory, 3 -XX 
transportation theories, 3 4 
Ott burner, 1272 

Otto coke oven, 788, 794, 790, 798 9 
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Otto -Hoffmann coke oven, 783, 785 
Otto-Wilputte coke oven, 797 
Ougree-Marihaye process, 581 
Overfeed burning, 901-4 
Oxahumins, 749 

Oxalic acid, from alkali-fusion of coal, 419 
from carbonization of coal, 1363 
from oxidation of coal, 360-6, 368-9, 372-5, 
713 

in ammoniacal liquor, 1384 
Oxidation of coal, see also Oxidized coal 
activation energy, 643, 645, 1520 
benzene from products of, 362—3 
by acid chlorate, 359-60 
by acid chromate, 359 
by acid permanganate, 339-40, 359-60 
by alkaline permanganate, 71, 349, 355, 367— 
76 

by Caro’s acid, 360 
by chlorine dioxide, 360 

by gaseous oxygen, 347, 349, 355, 364-7, 636- 
56, 1519-20 

by hydrogen peroxide, 355 
by hypobromite, 360, 364 
by hypochlorite, 364 
by iodic acid, 360 

by nitric acid, 347, 349, 355, 359, 361-2, 369 
by ozone, 361 
by sulfuric acid, 359 
carbon monoxide formation in, 349 
characteristic rate, 641, 648-9, 65S 
dependence of rate on particle size, 639-40, 
645-7 

effect of ash on rate, 641 
effect of oxygen concentration on rate, 648 
effect of temperature on rate, 642-5 
effect on agglutinating properties, 668-9, 860 
effect on analysis, 669-70 
effect on carbonization, 662, 668, 813-4, 854, 
859-62 

effect on extraction by solvents, 754 

electrolytic, 355 

fluorene from products of, 362 

heat developed by, 658-61 

humic acid formation in, 349-57, 654, 671 

in acid media, 358-63 

in alkaline media, 363-75 

influence of moisture on rate, 652 

mechanism, 653-6 

naphthalene from products of, 362 

peroxide formation in, 348 

rate, 636-56, 1519-20 

soluble acid formation in, 357-76 

stages, 346-7 

surface, 346-9 

Oxide boxes, see Iron oxide purification of gas 
Oxidized coal, adsorption of bases by, 348 

carbonization, 632, 635, 662-8, 673-4, 813-6, 
854, 859-62, 1023 
combustion, 030, 674 
hydrogenation, 394 
ignition of, 661 


Oxidized coal, moisture absorption by, 632 

plastic properties, 173, 180, 190, 195, 200, 
206-8, 211-2, 216, 219, 222-7, 202-4 
sulfates in, 428, 430 

Oxygen, for enrichment of producer blast, 1029- 
35 

in coal gas, 929-31, 934, 1253, 1357 
Ozone, action on coal, 361 

oxidation of ammoniacal liquor by, 1466 

Paleobotany, 26, 115-28 
Panhard producer, 1667 

Paraffin hydrocarbons, see also Hydrocarbon syn- 
thesis and individual compounds 
effect of temperature on yield in tar, 1295. 
1297-301 

from hydrogenation of coal, 1780 3 

from hydrogenation of tar, 17S5, 1789 

in coal gas, 928, 931, 938 

in light oil, 938, 1141, 1143 5, 1147 

oxidation to acids, 1838-0 

removal from benzol and toluol, 1212 

synthesis, 1797-839 

Paraldehyde from carbonization of coal, 13(»0 

Parker-Russell coke oven, 794 

Parr process, S4S 

Peat, acid extraction, 455-7 

action of aqueous alkali on, 419 
ammoniation, 1055 
ash content, 493-4 
bases from carbonization, 470, 476 
cellulose in, 6S5 
formation, 8-10, 494-5 
gasification, 1029-30 
lignin in, 685 
mineral matter in, 493-4 
nitrogen in, 450, 453, 455-7, 474, 476 
solvent extraction, 070 -90 
Pennitite, 48S 

Pentaeosane from carbonization of coal, 13(58 
Pentaeosoic acid from extraction of coal, 699 
Pentamethylcyclohexane from carbonization of 
coal, 1363 

n-Pentnne, from carbonization of coal, 1358 
in light oil, 11,42, 1147 
physical properties, 1147 
toxicity, 1418 

Pentanol, extraction of peat by, 682 
Pentatriaeontane from extraction of peat, (588 
Pentene-1, from carbonization of coal, 1359 
in light oil, 1147 ' 

physical properties, 1147 
Pentene-2 from carbonization of coal, 1358 
Pentosans from extraction of peat, 685 
Perhydroacemiphthcne from carbonization of 
coal, 1365 

H 

Perhydrodiphenyl from carbonization of coal, 
1365 

Perliydrofluorene from carbonization of coal, 
1365 
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Permanganates, action on coal, in acid media, 
339-40, 359-60 

in alkaline media, 71, 349, 355, 307-76. 
713-4 

Perylene from carbonization of coal, 1370 
Petit process, 1000, 1113 

Petrographic constituents of coal, sec Coal typos 
Petrography, 27-38, 86-131 

Petroleum distillates, extraction of coal by, 702, 
704, 714, 755 

extraction of peat by, 6S1-2 
Petrology, see Petrography 

Phenantliradine, from carbonization of coal, 
1369-70 

in high-temperature tar, 473 
Plienantlirerie, extraction of coal by, 735 
from carbonization of coal, 1368 
from hydrogenation of coal, 1780 
in coal tar, 1326-7, 1335, 1339 
purification, 1339-40 
uses, 1340 

4,5-Plienantlirylenemethane from carbonization of 
coal, 1369 

Phenetidine, extraction of coal by, 735 
Phenol, see also Phenols 

extraction of coal by, 725, 727, 733-5, 737-8, 
741 

extraction of peat by, 6S4 

from carbonization of coal, 1363 

in ammoniacal liquor, 1381-6, 1445-6 

in coal gas, 932, 942 

in coal tar, 1326-7, 1343-4 

in light oil, 1148 

physical properties, 1148 

production statistics in United States, 1345-6 
toxicity, 141 7-S 
uses, 1347-50 

Plienolate process, 4.41, 443, 991. 

Phenols, see also Tar acids and individual com- 
pounds 

biological decomposition, 1419—21 

determination in ammoniacal liquor, 1473-80 

effect of ammonia on vaporization, 1455 

from extraction of coal, 743-7 

from hydrogenation of coal, 379, 1779-83 

from hydrogenation of tar, 1.790 

from hydrolysis of coal, 420-3 

from vacuum distillation of coal, 763, 771-2 

hydrogenation, 1770—1 

hydrogenolysis, 41 5 

in ammoniacal liquor, 1379-82, 1.384-7, 1393, 
1.445 

oxidation by chlorine, 1.461 
recovery from animoniaeal liquor, 1372 
removal from ammoniacal liquor, 1372, 1442- 
62 

stream pollution by, 1371-3 
toxicity, 1417-8 

Phenyl benzoate, extraction of coal by, 738 
Phenyl ether, extraction of coal by, 738 
Phenyl hydrazine for purification of gas, 991 


2-P heny 1 u aph tha ion e from carbonization of coal, 
1369 

o-Phenyl phenol, extraction of coal by, 737-8 
from carbonization of coal, 1367 
Phenyl salicylate, extraction of coal by, 73S 
Pliilipon slagging producer, 1587, 1.638-9, 1642, 
1661, 1S52 

Phosphoric acid for neutralization of ammonia, 
1073, 1410 

Phosphorus, balance in coke-oven operation, 1381 
in ammoniacal liquor, 13S1 
in coal pyritc, 439 

removal by coal cleaning, 572—3, 5S6 
Plitlnilic acid from oxidation of coal, 365-6, 372, 
714 

Pb t:li a lie anhydride, 1330-2 
Pliyterals, 98, 105 

Pieone, from carbonization of coal, 1370 
from hydrogenation of coal, 383, 1780 
Picoline, extraction of coal by, 735, 753 
from hydrogenation of coal, 1782 
in coal gas, 932, 944 
in high- temperature tar, 472, 1326 
a-Picoline, in ammoniacal liquor, 1384 
in coal gas, 13.31 
in coal tar, 1351, 1361 

recovery from crude pyridine, 1133-4, 1351 
/3-Picoline, from carbonization of coal, 1361 
in coal gas, 1131 
in coal tar, 1351 
p u r i ti ca t io n , 1 3 5 1 
uses, 1353 

7 -Picoline, from carbonization of coal, 1361 
in coal gas, 1131 
in coal tar, 1351 
purification, 1351 

Picric acid from oxidation of coal, 302-3 
Pierson producer, 1655 
Pieters process, 973 
Pine oil, extraction of coal by, 733 
Pin tscli - II illcbr a li d producer, 1635, 1644, 1647, 
1668-9, 1748, 1810 
Pintsch producer, 1017 
Piperidine, extraction of coal by, 735 
Pitch, effect of carbonization temperature on 
yield of, 1295, 1298-301 
effect of coal moisture on yield of, 857 
effect of nature of coal on yield of, 1292 
effect of tar distillation temperature on yield 
of, 1321 

oxidation, 370, 374 
percentage of, in tar, 1323-4, 1326 
Pitch coke, 1323-4 
Plant alkaloids in coal, 454-5 
Plastic layer, see Coal, plastic properties 
Plasticity of coal, see Coal, plastic properties 
Plastometer, Davis, 220-1 
Oieseler, 220, 223, 227-8 

Griffon and S torch, 167 8 

Macura, 229-30 
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Folysullid.es for removal of carbon diaulfule from 
gas, 1004 

Polythionate process, 442 
Porphyrins in coal, 454-5 

Potassium carbonate for purification of gas, 1000 
Pott-Broclie process, 709, 729, 731-2, 735, 1761, 
1776 

Preheating of coal, effect on expansion, 252-3, 
255, 259 

effect on plastic properties, 197, 206-8, 211-2, 
216, 219, 223, 840, 856-7 
effect on rate of coking, 839, S48-55 
for carbonization, 668, 839—40, 848-59 
Prelinitene from carbonization of coal, 1364 
Prehnitic acid from oxidation of coal, 372, 374 
Preoxidation of coal for carbonization, 668, 813- 
6, 854, 859-62 ; see also Oxidation of coal 
Pressures in coke-oven flues, adjustment, 792-4 
survey, 793, 802 
Prochlorite, 487-8 
Producer gas, ammonia in, 1649 
combustion properties, 1650 
effect of oxygen concentration of blow on com- 
position, 1641-2 

effect of steam : oxygen ratio on composition, 
1634—5 

effect of velocity of blow on composition, 
1640—2 

from pressure operation of producers, 1631—2 
hydrocyanic acid in, 1650 
industrial heating with, 1653-5 
methane formation in, 1606-8 
nitrous oxide in, 1649-50 
sulfur compounds in, 1648-9 
typical compositions, 1648-50 
i use in combustion engines, 1655-6 
Producers, see Gas producers 
Propane, in coal gas, 929, 931, 938, 1253, 1358 
synthesis, 1798 

u-Propanol, extraction of coal by, 737 
extraction of peat by, 682 
Propone, see Propylene 

Propionic acid, from carbonization of coal, 1361 
from oxidation of coal, 361 
in ammoniacal liquor, 1384, 1386 
synthesis, 1838 

w-Propyl acetate, extraction of coal by, 737 
extraction of peat by, 682 
Propylacetylene from carbonization of coal, 1359 
Propylbenzene, in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
n-Propylbenzene, from carbonization of coal, 1362 
in light oil, 1146 
physical properties, 1146 
Propylene, in coal gas, 929, 931, 939, 1253, 1358 
synthesis, 1798 
Proteins, in coal, 455, 457 
in formation of coal, 12, 451-3 
in humic acids, 455 

Protoea technic acid from oxidation of coal, 360 
Pro-vitrain, 95 


Pseudocumene, from carbonization of coal, 13,62 
in coal gas, 931, 940 
in heavy solvent naphtha, 1153 
in light oil, 1146 
physical properties, 1146 
Pseudocumenol from carbonization of coal, 1365 
Pulverized-coal combustion, sec* Combustion of 
pulverized coal 
Pulverized-coal engine, 1540 
Pulverizers, development of, 1533-7 
efficiency of commercial, 135 
factors affecting capacity, 157-9 
Purification of gas, see Dry purification of gas; 

Liquid purification of gas 
Pushing machines for coke ovens, 781 
Pyrene, from carbonization of coal, 3870 
from hydrogenation of coal, 382, 1780 
in coal tar, 1340-2 
pyrifieation, 1342-3 
uses, 1343 

Pyridine, absorption by base-exchange materials, 
1057 

absorption by coal, 175, 213, 753 

analytical procedures for determination, 1185 

complex salts of, 1134 

composition of crude, 1131, 1188 4 

conversion of its homologs to, 1185 
determination in ammoniacal liquor, 1469-70 
extraction of coal by, 175, 671, 705, 715, 724, 
727, 733, 735, 73S, 748-4, 718 -58 
fractionation of crude, 1131, 1133-4 
from carbonization of coni, 10.16 -7, 1020, I860 
from hydrogenation of coal, 1780, 1782 
from oxidation of coal, 478- 9 
from pyrolysis of vacuum tar, 1016 
in ammonia still waste, 1126 -7 
in ammoniacal liquor, 470, 1384, 1386 
in ammonium sulfate, 1046 -7, 1052, 1126 
in coal gas, 932, 944, 3 008, 1021, 1125- 0 
in high-temperature tar, 471 8, 1021, 1126, 
1320-7, 1350 

in light oil, 1182, 1144, 1148 

in low-temperature tar, 468, 170 1, 1016 

in peat tar, 470 

in producer gas, 2080 

in spent oxide, 1135 

in vacuum tar, 1016 

in water gas, 1080 

mechanism of formation in carbonization, 
1016-7 

partial pressure over sulfuric acid, 1128 
* physical properties, 1148 
pyrolysis, 1016 
recovery from coal tar, 1351 
recovery from gas, 1128-31 
recovery from light oil, 1132, 1148, 1207, 
1221-2 

Pyridinecurboxylic acids from oxidation of coal, 

359, 478-9 

Pyridine sulfate, 1046-7 
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Pyrite, 23, 485, 487—9, 494-5 ; see also Sulfur in 
coal, pyritie 
arsenic in, 439 

behavior in froth flotation, 590 

effect on clinker formation, 566-8 

influence on rate of oxidation of coal, 649-52 

rate of oxidation, 651 

recovery, 438-40 

removal by coal cleaning, 572-3, 586 
utilization, 439 

Pyroeatechol from hydrogenation of coal, 17S0 
Pyroeateehuie acid from alkali-fusion of coal, 
419 

Pyromellitic acid from oxidation of coal, 359, 
362-3, 366, 372, 374 
Pyropissite, montan wax from, 692 
Pyroretine, 742 
Pyrrhotite in coke, 445 
Pyrrole, extraction of coal by, 735 
in high-temperature tar, 471-3, 1361 
in light oil, 1145, 1148 
physical properties, 1148 

Quartz, 23, 4S7-S, 505 
Quinaldine, see 2-Methylquinoline 
Quinol in ammoniacal liquor, 13S5 
Quinoline, extraction of coal by, 735, 73S, 751, 
703 

from carbonization of coal, 1365 

from hydrogenation of coal, 479, 1779, 1783 

in coal gas, 1131 

in high-temperature tar, 471-3, 1320-7, 1350, 
1352 

in low-temperature tar, 470-1 
in peat tar, 470 
uses, 1353-4 

Rate of coking, dependence of yields of carboni- 
zation products on, 834, 83S-9, S43, 858, 
1022 

dependence on flue temperatures, 834-5 
dependence on oven width, 834-5 
effect of bulk density of coal on, 850, 852 
effect of moisture content of coal on, 850-2 
effect of preheating coal on, 839, S4S-55 
in byproduct ovens, 781, 834—6 
in cylindrical retorts, 836 
in electrically heated ovens, 811 
in sole-heated ovens, 807 
influence on coke quality of, 852, 858 
Rational analysis of coal, 752 
Reactivity, of coal, 752, 902-4 
of coke, arc Coke, reactivity 
Reed fuel cell, 1572 

Refractories, slugging of, 554-61, 571, 1495, 1562 
Refractory screen carburettor, 1736 
Residuum, 97, 99 

Resin amines In ammoniacal liquor, 1384 
Resinite, 98 

Resinoic acids in ammoniacal liquor, 1384 
Resinolic acids in ammoniacal liquor, 1384 5 


Resins, see Coal resins 

Resorcinol, from carbonization of coal, 1367 
in ammoniacal liquor, 1383, 13S5 
Retene, from carbonization of coal, 1370 
from hydrogenation of coal, 382-3, 17S0 
Reussinite, 742 
Rlieolaveur, 575-7 
Rittinger’s law, 151 
Road tars, 1323-4 
Roberts-Morrisey coke oven, 794 
Robinson-Bindley process, 1801, 1S04, 1884 
Rochester Gas and Electric Corporation’s test 
burner, 1273 

Rosin, extraction of coal by, 733 
Rosin-Rammler size-distribution function, 149, 
SS0, 1500 
Rosthornite, 742 
Rustic producer, 1667 
Rutile, 23, 487-8 

Sabatier producer, 1667 
Sagam producer, 1667 
Saltcake as flux for coal-ash slag, 532 
Sampling, of coal, S78— 9, 1500 
of coke, S7S-9 
Sapropeliths, 7-8 
Sauvageot producer, 1060 
Selmiewind coke oven, 7S4, 7SG 
Schungite, 72, 362 
Scliwaller producer, 1606 

Schweitzer’s reagent, extraction of peat by, 684 
Scleretinite, 742 

Seaboard process, 984-6, 1112-8 
Selenium oxychloride, action on coal, 705 
Semet-Solvay coke oven, 785, 7S7, 7S9, 794 
Semet-Solvay ignition arch process, 1786 
Semet-Solvay reverse-flow water-gas machine, 
1739-41 

Semi-coke, see also Disco 
for blast furnaces, 813 
for domestic fuel, 813 
• for gas producers, 813, 873 
for reduction of zinc ore, 813 
reactivity, S73, 900, 910 
substitution for low-voln tile coni, 775, S14 
Somifusinite, 99 

Semisplint coal, 30-1, 33-4, 86, 89 -90 
Sericite, 494 

Shale, rate of oxidation, 63S, 640—8 
.Shape factors of coal and coke, 882 
Shatter test, for coal, 148 9 
for coke, 883 -6 

Sheffield drum abrasion test, 887-8 
Sheffield swelling test, 194 -7, 871, 908 
Siderite, 488, 495 
Siemens producer, 1654 

Silica, addition to coal for carbonization, 1024 
in coal, 487 
Silica brick, 816-8 

physical properties, 817 
Silica gel, for ammonia recovery, 1057 


I 
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Silica gel, for catalytic oxidation of hydrogen 
sulfide, 995 

for dry purification of gas, 969 
for gas conditioning, 1251 
for light-oil recovery, 1163-4 
for naphthalene removal from gas, 1241 
for refining motor benzol, 1221 
Simon-CarvGs coke oven, 783-4 
Simonellite, 695 
Skatole in peat tar, 470 
Slag, see Coal-ash slags 
Slagging producers, 1633, 1636-40, 1GG9 
Slag-tap furnace, 1528-9 

effect of viscosity of slag on operation, 529-33 
temperatures in, 1546 

Smoke from combustion of coal, as a limitation 
on fuel-burning capacity of furnaces, 
1497-8 

as an index for classification of coal, 76 
Sodium acid sulfate for neutralization of am- 
monia, 1054 

Sodium carbonate, addition to coal for carboni- 
zation, 1024 

Sodium hydroxide, addition to coal for carboni- 
zation, 1024 
aqueous, 419-24, 481 

extraction of coal by, 733 
extraction of peat by, 684 
Sodium peroxide method, 431 
Sodium silicate as flux for coal-ash slag, 554 ^ 
Solvent extraction, of coal, 68-9, 4-58-9, 677— 
760 ; see also Coal extracts and individual 
solvents 

by mixed solvents, 692, G94, 704—5, 708—9, 
731-3, 735, 751, 1761 
correlation with coking properties, 755-60 
depolymerization in, 709—10, 741, 1761, 1764 
effect of acid treatment on, 702 
effect of after-heating on, 72S-30 
effect of hydrostatic pressure on, 702 
effect of moisture on, 701, 750 
effect of oxidation on, 671, 732-3, 754 
effect of particle size on, 711, 718-25 
effect of preheating on, 701-2, 727-30 
effect of rank of coal on, 690, 713, 715—7 
effect of solvent in, 721, 732-41, 747, 753, 
1761 

effect of temperature on, 708-9, 723, 725-6, 
731-2, 737-40, 745-7 

nature of products from, 677, 690-5, 703-4, 
706, 712, 715-8, 741-52, 1761 
rate, 709-10, 718, 723, 725-0, 729 
ultimate yield in, 723-4 
variables in, 678, 707 
of pcat» 679-90 

by mixed solvents, 679-81, 688 
effect of moisture on, 683 
nature of products from, 679-89 
Solvent naphtha, heavy, see also Light oil 
commercial grades, 1151, 1153-4 
composition, 1141, 1145-6, 1153 

Volume I, pages 1-920; 


Solvent naphtha, heavy. In light oil, 940, 1136 
indene in, 941, 1141 
uses, 1153—4 
light, see also Light oil 

composition, 1141, 1145, 1151, 1153 
in light oil, 940, 1136, 1145 
properties, 1153 
styrene in, 941, 1141 
Sophia- Jacoba process, 578 
Specific volatile index, 56 

Spent oxide, see Iron oxide for purification of 
gas 

Splint coal, 29-31, 33-6, 88-90, 119, 333 
Split volatile ratio, 53 
Sponge coke, 255-6 

Spontaneous combustion of coal, see also Storage 
of coal 

correlation with solubility in pyridine, 752 
dependence on friability of coal, 150, 674 
dependence on storage conditions, 029 -36 
economic loss due to, 627 8 
effect of dustproofing on, 599 
effect of mixing coals on, (532, 635 
effect of moisture on, 618, 629, 632, 035, 
674-5 

effect of pyrites oil, 437- S, 650 2, 674 
evaluation of tendency for, 656 62, 074 
relation to adsorptive capacity for halogens. 
338-9, 348 

Spores, see Coal, spores in 
Springing tar acids, 3344 5 
Staatsmijnen-Otto process, 973 
Staurolite, 23, 4SS 

Steam-carbon reaction, kinetics of, 1587, 1594 7, 
1696-704 

Steam-decomposition meters, 1707 8 

Steaming in coke ovens, 805, HOT, 925, 1027 31 

Steere formula, 902- 3 

Sterols from extraction of coal, 694, 714 

Stevens carbonization process, 320, 774, 814-2 

Still process, 1157 

Stokers, see also Combustion of coal 
cluiin-grate, 1485-8, 1494 
domestic, 1492-3 
for coke, 872 
locomotive, 1494 

multiple-retort underfeed, 1488 92 
over-feed, 1494 

selection of coal for, 1494 501 
single-retort underfeed, 1492 4 
spreader, 1494 5 
traveling-grate, 1485 8, 1494 
un derf eed, 1 488-94 

Storage of coal, 020 -76 ; see also Oxidation of 
coal; Oxidized coal; Spontaneous combus- 
tion of coal 
changes during, 628 9 
extent of practice, 027 
for carbonization, 673 4 
importance of ventilation in, 632-5 
in large piles, 620-86, 656 7 
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Storage of coal, procedures recommended for, 
(530-6, 674-5 
size degradation in, 672-3 
slacking or weathering, 60-1, 616-7, 672-3 
under water, 630, 634, 673 
Stoter-Tillman channel, 1157 
Stream pollution by ammoniacal liquor, 1371—3 
Streifenhohlc, see Coal, dull 
Stump air-flow process, 582 
Styrene, effect on benzol-refining, 1144, 1204 
from carbonization of coal, 1361 
from hydrogenation of coal, 1783 
in coal gas, 931, 941-2, 1241 
in light oil, 941, 1141, 1145, 1147 
physical properties, 1147 
polymerization, 942 
removal from gas, 1241-2 
Suberinite, 98 

Succinic acid from oxidation of coal, 360, 362, 
372, 714 

Sulfided lime for removal of carbon disulfide 
from gas, 959, 1003 

Sulfite-bisulfite process, 993, 996, 1063-4, 1070-1 
Sulfoeyanide, sec Thiocyanates 
Sulfonation of coal, 359 
Sulfur, from carbonization of coal, 1370 
from extraction of peat, 686 
from partial combustion of hydrogen sulfide, 
999 

in coal, 425-49 

behavior in carbonization, 44S--S, 94S-9 

combustible, 435-G 

determination, 430-6 

effect: on clinker formation, 505-8 

effect on coking properties, 427 

loss on storage, 630-1 

occurrence, 425-8, 436-7 

organic, 425 

de term i n a 1 1 on , 43 5 
distribution, 426 
nature, 426-7 
origin, 42S 

retention in coke, 446—7 
pyritic, 425 

determ ination , 434-5 
distribution, 427 

effect on rate of oxidation of coal, 648-9 
effect on spontaneous combustion of coal, 
437-8 

origin, 427-30 
retention in coke, 445 -8 
thermal decomposition, 445-6 
removal by coal cleaning, 572-3, 586 
retention in coke, 44.4—8, 94 8 9 
sulfate, 425, 428 
de terminal ion , 434 
origin, 430 

thermal decomposition, 446 
utilization of, 438-44 

in coke, dependence on carbonization tempera- 
ture, 445 


Sulfur, in coke, determination, 430—6 
effect of additions to coal on, 449 
effect on blast-furnace operation, 448—9, 
5S7-8 

from oxidized coal, 667 
organic, 425 
origin, 444-S 

removal by hydrogen, 447-9 
removal by reaction with gas, 448-9 
solid solution of, 447 
sulfide, 42.5, 436 
in light oil, 1149 
Sulfur bacteria, 429 

Sulfur balls in coal, 429 ; see also Coal balls 
Sulfur compounds in coal gas ; see also individ- 
ual compounds 

objectionable nature, 947-S, 954-S 
permissible concentrations, 954-6 
removal, 947-1007 
sources, 948—51 

Sulfur dioxide, action on coal, 593, 705 
extraction of coal by, 692, 705 
for ammonium sulfate production, 993-7 
for conversion of thiosulfate to tetrathionatc, 
993 

from carbonization of coal, 135S 
oxidation of hydrogen sulfide by, 997-8 
pollution of air by, 425, 947 
removal from stack gases, 443-4, 1372 
Sulfur producers, 1650-1 

Sulfur recovery, from gas, sec also Dry purifica- 
tion of gas ; Liquid purification of gas ; 
Sulfur compounds in coal gas 
from carbonization, 440-3, 958, 971-81, 

992-5 

from flue gas, 443-4, 1372 
from smelters, 444 
from spent oxide, 908-9, 1093 
in liquid purification of gas, 971-81, 992-5, 
1062-4, 1067-9 

Sulfuric acid, action on coal, 359 
for gas conditioning, 1251 
removal of ethylene from gas by, 1242-3 
treatment of light oil with, 119S, 1206-9, 1217, 
1220-1 

Superphosphate, ainmoniation of, 1072-4 
Surface determination, air-permeability method, 
152, 882 

by screen analysis, 154, 645-0, 8S0 
in grindability tests, 152 
Lea-Nurse method, 152, 883 
Svecllund producer, 1667 
Swelling of coal, see Coal, swelling properties 
Swelling pressure, sec Expansion and expansion 
pressure of coal 

Synthesis gas, ace also Hydrocarbon synthesis; 
Methanol synthesis 
composition, 1804, 1800, 1810 
cost of production, 1839-40 
from coke-oven gas, 1811, 1853 
from natural gas, 1812-4, 1852-3 
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synthesis gas, from solid fuels, 872-3, 1646-7, 
1650, 1802, 1804, 1806-14, 1852-3 
purification, 1003-5, 1720, 1799, 1815-8, 

1853-4 

Synthetic Oils j>rocess, 1834 
Syntliol, 1797, 1824 
S.Y.R.C. flotation process, 589 

Tables for cleaning, coal, 582 
Tar, absolute viscosity of, 1308-9 

benzene-insoluble matter in, 1309, 1311 
carbon I content of, 1309-12 
carbon II content of, 1309-12 
chemicals from, 1325—70; see also individual 
compounds 

commercial products from, 1323-5 
determination of naphthalene in, 1312 
determination of tar acids in, 1312 
distillation, 1320-3 
distillation analysis, 1309, 1311-2 
distribution statistics in United States, 1315 
effect of carbonizing equipment on nature of, 
1302-8 

effect of coal moisture on yield of, 857 
effect of nature of coal on properties, 1291-3, 
1295 

effect of nature of coal on yield of, 1287-91, 
1295 

effect of oxidation of coal on composition, 8G1 
effect of oxidation of coal on yield of, 860-2 
effect of rate of heating on yield of, 839, 
843-7, 858 

effect of steaming on yield of, 1027 
effect of temperature on composition, 1296- 
302 

effect of temperature on yield of, S40-1, 843-7, 
1294-6 

fouling of oxide boxes by, 9C6 
fractional condensation, 1316-21 
from byproduct coke ovens, 1305—6, 1309, 1313 
from Curran-Knowles process, 1304, 1309, 1313 
from horizontal retorts, 1306-7, 1309, 1313 
from vertical retorts, 1304-5, 1309, 1313 
from Wisner process, 1303—4, 1309, 1312-3 
hydrogenation of, see Hydrogenation of tar 
interference in ammonia recovery, 1032-6 
nitrogen in, 474, 1018-20 
peat, see Peat 

production statistics in United States, 1313-5 
pyridine in, 471-3, 1021, 1126-7 
recovery at coke plants, 1314, 1316-20 
removal from gas, 926 

softening points of distillation residues, 1309, 
1312 

specific gravity, 1303, 1306-9, 1311 
sulfonation factor, 1309, 1312 
temperature susceptibility factor, 1308-10 
thermal decomposition, 839, 1296-302 
typical analyses, 1309, 1326-7 
vacuum, see Vacuum tar 
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Tar acids, see also Phenols and individual com- 
pounds 

effect of nature of coal on yield of, 1292 
effect of temperature on yield of, 1295, 121)7- 
301 

from hydrogenation of coal, 1771) S3 
from hydrogenation of tar, 1789—91 
hydrogenation, 1786 
percentage of, in tar, 1323-4 
recovery from tar, 1344—5 
refining, 1345 
springing, 1344-5 
typical yields, 1309 
uses, 1347-9 

Tar bases, see also individual compounds 

effect of temperature on yield of, 1295, 1297- 
301 

fractionation, 1352-3 

from high-temperature carbonization, 471.-7, 
1131 

from hydrogenation of coal, 1779 80, 1782 
from hydrogenation of tar, 1789, 1.791 
from low-temperature carbonization, 467-7.1. 

in ammoniacal liquor, 1379-80, 1382 6, 1446 

in coal tar, 461, 132(5-7, 1350-4 
in dephenolization of ammoniacal liquor with 
benzene, 1448-9 
uses, 1353 

Tartaric acid from oxidation of coal, 360 
Telain, 94-5 

Tereplithalic acid from oxidation of coal, 369. 
372, 374 

Terpenes from extraction of coal, (593 4, 714 

Terzian factor, 1736- 7 

Tetracosane from carbonization of coal, 13(58 
Tetracosanol from extraction of coal, 698 
1,2,3,4-Tetraliydrofiuoran thene from cu rbon iza - 
tion of coal, 1369 

Tetraliydronnplithalene, see also Tetralin 
as a hydrogenation catalyst, 1772 
equilibrium with naphthalene, 1777 
from carbonization of coal, 13(54 
from hydrogenation of coal, 1780, 1784 
from hydrogenation of tar, 1.790 
in light oil, 11.47 
physical properties, 1147 

Tetralin, see also Pott-Broehe process ; Tetra- 
h y dr o n a p h tlm 1 c n e 

as wash oil for light-oil recovery, 1182 3 
extraction of coal by, 704 -7, 709, 725 -6, 729 - 
31, 734-5, 738, 744, 746-7, 751, 755 -7 
thermal stability of, 730 

2,3,6,7-Tet:ramethylanthracene from carbonization 
of coal, 13(59 

TetrametliylbenzonoH in heavy solvent naphtha, 
1153 

Tetramctliylbipheiiol from carbonization of coal, 
1368 

Tetramethylpyridine, from hydrogenation of coal, 
1783 

in high-temperature tar, 473 
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Totramethylpyridine, in low-temperature tar, 
470 

in peat tar, 470 

1.2.3.4- Tetramethylpyridine in higli-temperature 
tar, 473 

2.3.4.5- Tetramethylpyridine from carbonization of 
coal, 1365 

2.3.4.5- Tetramethylquinoline, 463 
Tetramethylthiophene from carbonization of coal, 

1363 

Thermal decomposition of coal, see also Carboni- 
zation of coal ; Solvent extraction of coal ; 
Vacuum distillation of coal 
mechanism, 767, 771, 834 
Thermodizing coal, S62 

Thioarsenate for purification of gas, 974-6 
Thiocyanates, see also Ammonium thiocyanate ; 
Cyanogen 

determination in ammoniacal liquor, 1471 
formation in dry purification of gas, 1092 
recovery from ammoniacal liquor, 1094-5, 
1462-3 

recovery from spent oxide, 1094 
removal of cyanogen from gas as, 1109-17 
Thio ethers, see Dimethyl sulfide, etc. 

Thiols, see Mercaptans 

Tliionaphthene, from carbonization of coal, 1365 
in light oil, 1149 
physical properties, 1149 
Thiouate process, 992-3, 1062-3, 1069-71, 1113 
Thionizers, 975-6 

Thiophene, catalytic removal from hydrogen, 
1S10-7 

extraction of coal by, 73S 

from carbonization of coal, 1360 

in coal gas, 932, 945-7, 949-50 

in light oil, 946, 1141, 1143-4, 1149, 1156 

in wash oil, 1004 

physical properties, 1002, 1149 

removal from light oil, 1228-31 

tests for, 954 

toxicity, 1418 

Thiophenol from carbonization of coal, 3 362 
Thiosulfate, see also Ammonium thiosulfate 
conversion to sulfate, 1067—9 
formation in liquid purification of gas, 973, 
975, 984, 992-4, 1002-3, 1067 
Tliylox process, 443, 973-81, 1114 
chemistry of, 974-5 
cyanogen removal in, 1114 
operation of, 975—0 
recovery of ammonia in, 975 
sulfur recovery in, 976-81 
thionizers for, 975-6 
Thymol, extraction of coal by, 735, 738 
Thyssen-Galoezy producer, 1633, 1069 
Thyssen-Lenze towers, 961, 966 -8 
Toluene, see also Toluol 

effect of temperature on yield of, 1295 
extraction of coal by, 721, 737-8 
extraction of peat by, 682 
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Toluene, from carbonization of coal, 1360 

from hydrogenation of coal, 1769, 1779-80, 
1783-4 

from hydrogenation of tar, 1790 
in coal gas, 931, 940 
in coal tar, 1325-7 

in light oil, 940, 1136, 1141, 1144, 1146, 
1325-6 

physical properties, 1146 
recovery from gas, 926 
synthesis, 1798 
toxicity, 141 S 

Toluidine, from extraction of coal, 743 

from hydrogenation of coal, 479, 1779, 1783 
in high-temperature tar, 472-3 
in low- temperature tar, 470 
in vacuum tar, 764 

m- and p-Toluidiue, extraction of coal by, 735 
from carbonization of coal, 1364 
o-Toluidine, extraction of coal by, 735 
from carbonization of coal, 1364 
in light oil, 1148 
physical properties, 114S 
Toluol, sec also Light oil ; Toluene 
commercial grades, 1151-3 
composition, 1141 

production statistics in United States, 1137-9 
removal of paraffins from, 1212 
uses, 1152-3 

Toly lmercap tan from carbonization of coal, 1363 
Topaz, 23, 4SS 
Tourl)e, 41 
Tourmaline, 23, 4S8 
Tran slu cent attritus, 29-30, 33, 88 
hydrogenation of, 387-91, 175S 
Trefois producer, 1666 
Trent process, 583 

Triaeon tane from extraction of coal, 694 

2.4.6- Tribromoaniline from action of hypobromitc 

oil coal, 364 

2.4.6- Tribromophenol from action of hypobromite 

on coal, 364 

Trichloroethylene, extraction of coal by, 710, 
7.18-21 

Tricosane from carbonization of coal, 1368 
Tricresylpliospliate for dephenol ization of am- 
moniacal liquor, 1449-51 
Trietliylamine, from carbonization of coal, 1360 
in ammoniacal liquor, 471, 1385 
Trimellitic acid from oxidation of coal, 362, 372, 
374 

Trimesic acid from oxidation of coal, 363, 366 

2.3.6- Trimctliylanthracene from carbonization of 

coal, 1369 

Trlmethylbenzcnes, see also individual com- 
pounds 

in heavy solvent naphtha, 1153 
in light oil, 1146 

1,2,4-Trimethyleyclohexane from carbonization of 
coal, 1361 

I J,3,4-Trimethyl-8-ethylquinoline, 464 
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Primethylnaphthaleno in coal tar, 1336 

2,3,5”, and 2,3,6-Trimethylnapht.halene 
from carbonization of coal, 1367 
1 , 4 , 5 -Trimethylphenoi from carbonization of coal, 
1366 

2.3.4- Trimethyl-S-n-propylquiiiolme, 465 
Trimethylpyridine, from hydrogenation of coal, 

1783 

in high-temperature tar, 473, 1351 

2.3.4- and 2,3,6 Trimethylpyridine, from carbon i- . 
zation of coal, 1362 

in low- temperature tar, 470 
physical properties, 1148 

2.3.5- Trimethylpyridine, from carbonization of 

coal, 1363 

in low-temperature tar, 470 
in peat tar, 470 
physical proiierties, 1148 

2.4.5- Trimethylpyridine, from carbonization of 

coal, 1302 

in high- temperature tar, 473 
in light oil, 1148 
physical properties, 1148 

2.4.6- Trimethylpyridine, from carbonization of 

coal, 1362 

from hydrogenation of coal, 479 
in high-temperature tar, 473 
in light oil, 1148 
in low-temperature tar, 470-1 
physical properties, 1148 

2.3.4- Trimethylquinoline, 466 

2.3.8- Trimethylquinoline, 463, 406 

2.4.6- Trimethylquinoline from carbonization of 

coal, 1368 

2.4.8- Trimethylquinoline, 463 
Trimethylthiophene from carbonization of coal, 

1362 

2.3.4- Trimethylthiophene, in light oil, 1149 
physical properties, 1149 

Trinitroresorcinol from oxidation of coal, 361 
Triphenylene from carbonization of coal, 1370 
Tripotassium phosphate for purification of gas, 
991 

Tritriacontane from extraction of peat, 688 
Tromp process, 580-1 

Truxene from carbonization of coal, 1369 
Tumbler test, for coal, 148-9 
for coke, 883, 886-9 
Types of coal, see Coal types 

Ufer process, 1208-9 

U.G.I. blue-gas generator, 1(575, 1677, 1687, 16.91, 
1714 

U.G.I. cone-top carburetted-blue-gas apparatus, 
1723 

U.G.I. heavy-oil processes, 1734-5 
U.G.I, intermittent vertical chamber oven, 803, 
805-7 

U.G.I. mechanical grate, 1692-3 
U.G.I. producer, 1666 
Ulraain, 95 
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Ulmie acids, see Humic acids 
Ulmin, 348 

n-Undeeane from carbonization of coal, 1364 
Undeeene from carbonization of coal, 1363 
Underelay, 2-3, 9, 494-5 
Underfeed burning, 901-2 
Underground gasification, 1651-3 
Underjet coke oven, 796, 803-4 
Unit Biu, 142-3 
Unit coal, 55, 63-5 

Vacuum carbonate process, 985, 987 8 
Vacuum distillation of coal, 459-67, 76! 73 
effect of heating rate in, 769 
effect of particle size in, 771, 773 
gaseous products from, 701-2, 764-5, 770 
liquid products from, sec Vacuum tar 
Vacuum tar, bases in, 459-60, 763 4, 1016 8 
nature, 762-4, 771-3 
pyrolysis, 1016-7 

Valeric acid, from extraction of coal, 704 
in aimnoniacal liquor, 1386 
n- Valeric acid, from carbonization of coal, If, 63 
in aimnoniacal liquor, 1384 
Valylene from carbonization of coal, 1359 
Vapor-phase gum, 934, 936, 9 41, 1249 
Vitrain, 6-7, 10, 13-4, 22-8, 29, 88, 93 6, 109, 
113-4, 116, 118, 123 
ash composition, 490, 493 
diffraction of X-rays by, 334 5 
electrical conductivity, 820 
friability, 150-1 
halogen adsorption by, 342 
hardness, 145 
hydrogenation, 387 
index of reflection, 826 
index of refraction, 828 30 
mineral matter in, 489 90, 493 
nitrogen in, 451 
rate of oxidation, 850, 052 8 
solvent extraction, 721, 727, 751 5 
Vitrifusain, 7 
Vi tr mite, 96, 102 
Vitrit , sec Vitrain 
Volatile displacement, 35, 52 

Wash oil, see also Light oil, recovery from gas 
absorption of sulfur compounds by, 1003 4 
cooling, 1194-5 
debenzolization, 11 89 97 
for naphthalene removal from gas, 1239 *10 
in light oil, 940, 1141 
properties desired in, 1173 5, 1178 9 
regeneration of spent, 1177-8, 1181 
specifications of petroleum oil for, 1175 6 
thiophene in, 1004 
Waste liquor, see Ammoniacal liquor 
Water, see also Moisture In coal 
extraction of peat by, 684 
from carbonization of coal, 1360 
in coal gas, 931, 935-6 
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Water, in conversion of hydrocyanic acid to am- 
monia, 995 

removal from coal gas, 1250-1 
Water gas, heating value as a function of com- 
position, 1743 
higli-Btu, 1742-3 

hydrocarbon synthesis from, 1797-839 
low-gravity, 1741-2 
methanol synthesis from, 1846-68 
Water-gas production, automatic controls in, 
1720, 1725-6 

by steaming in coke ovens, 805, 807, 925, 
1027-31 

capacities of blue-gas plants in, 1718-9 
earburetting blue gas in, 1720-45 
charging of fuel in, 1686-7 
cheekerbrick in, 1723-4 

chemical reactions in, 1587, 1594-7, 1603, 
1606, 1696-704 
cold carburetion in, 1737 
commercial blue-gas processes in, 1717 
continuous, 1745, 1747 
cost, 1839 

effect of air rate on, 1705-6 
for chemical processes, 1718-21 
for hydrocarbon synthesis, 1646-7, 1804, 1806- 
14 

for methanol synthesis, 1851-3 

generator linings for, 1674, 167G-S 

heat balances in, 1717-9, 1746 

heavy oils for earburetting blue gas in, 1733-6 

mechanical grates in, 1690 

oil efficiencies in, 1730-1 

oil sprays for, 1724 

operation of blue-gas plant in, 1674, 1080-93 
pier process for, 1712-4 
reactions during blow in, 1693-5 
reactions during run in, 1695-702 
reactions in fuel bed in, 1705-9 • 
statistics in United States, 1721 
steam decomposition in, 1700-9 
steam requirements in, 1714-6 
typical analyses of blue gas in, 1718 
typical operating results in, 1744-6 
use of anthracite for, 1709-10 
use of bituminous coal for, 1712-4, 1731-3 
use of coke for, 1710-2 
use of oxygen in, 1716-7, 1808-9, 1811 
Water-gas reaction, 1587, 1603, 1704-5, 1814-5 
Water-gas shift:, 1814-5 
Waxes, see also Coal resins ; Montan wax 
from solvent extraction of coal, 691-4 
Weathered coal, sec Oxidised coal 
Weldon mud, catalytic action of, 1122 
for purification of gas, 965 
Wellmnn-Galusha producer, 1659, 1066 
Weilman-Seaver-Morgan producer, 1656, 1665 
Western Gas process, 1734 
Willien-Stein process, 1741-2 
Wilputte coke oven, 789, 794-5 


Winkler producer, 1587, 1632-3, 1635, 1647, 

1666, 1669, 1749, 1S0S-9 
Wisco producer, 1661, 1667 
Wisner process, 813-6, 859 ; see also Disco 
tar from, 1303-4, 1309, 1312-4 
Wobbe index, 1272 

Wolf pressure abrasion test, 890, 902 
Wood, hydrogenation, 396 
nitrogen in, 451, 1009 
solvent extraction, 679 
Wood gas producer, 554, 1665 
Wuenseh cone process, 580 
Wuerth slagging producer, 1660 
Wurth producer, 1638 

Xantliogonic acid, extraction of peat by, 684 
Xanthopliyll from extraction of peat, 685 
X-rays, see Coal, X-ray. studies 
Xylain, 7, 94, 114 
Xylene, sec also Xylol 

extraction of coal by, 721 
extraction of peat by, CS2 

from hydrogenation of coal, 1769, 1770-S0, 
1783-4 

from hydrogenation of tar, 1790 

in coal gas, 931, 940 

in coal tar, 1325-6 

in heavy solvent naphtha, 1153 

in light oil, 940, 1136, 1141, 1145, 1325-6 

recovery from gas, 926 

m-, o-, and p -Xylene, from carbonization of coaUg 
1361 

in coal gas, 931 
in light oil, 1136, 1145-6 
* physical properties, 1146 
Xylcno], fractionation of, 1347 

from hydrogenation of coal, 1779, 1781-3 

in ammoniacal liquor, 1381, 1385 

in coal gas, 932, 942 

in coal tar, 1326, 1343-4, 1347 

uses, 1348-9 

2.3- , 2,5-, 2,6-, and 3,4-Xylenol from carboniza- 

tion of coal, 1304—5 

2.4- and 3,5-Xylenol, from carbonization of coal, 

1364-5 

in coal tar, 1347 

Xylidinc from hydrogenation of coal, 479, 1779 
2,3-, 2,4-, 2,5-, and 3,5-Xylidine from carboniza- 
tion of coal, 1304-5 
Xylol, see also Light oil ; Xylene 
commercial grades, 1151, 1153 
composition, 1141, 1145 

production statistics in United States, 1138-9 
uses, 1153 

Xylovitrain, 7, 94, 114 

Young- Whitwell process, 1737-9 

Zinc thiosulfate for purification of gas, 992 
Zircon, 23, 4S8 


Volume I, pages 1-920; Volume II, rykges 921-1868. 







